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THE CURARIFORM ACTION OF ONIUM SALTS 


H. RAYMOND ING 
University College, London 


The word onium is a convenient generic term for cations of the ammonium, 
phosphonium, sulphonium type in which the central atom satisfies its maximum 
covalency (for N, P, As, and Sb, 4; for S, 3; for I, 2, etc.) with carbon radicals 


and exerts as well one electrovalency. Simple examples are (CH;),N°®, (CH;),P°, 
(CH;);S°. 


Onium salts have various pharmacological properties of which three are well- 
defined: 1, a curare-like paralysis of motor nerve endings in voluntary muscle; 
2, stimulation of parasympathetic nerve endings (muscarine action), and 3, 
nicotine properties, e.g., stimulating and depressant actions on sympathetic 
ganglia and contracture of striated muscle of the frog and fowl and of denervated 


mammalian muscle. In this review only the curariform properties will be 
considered. 


No attempt will be made to review the extensive literature on curare, although 
some account will be given of curarine which is a quaternary base and appears to 
be the chief pharmacologically active alkaloid in curare. 


The curariform properties of onium salts were discovered by Crum 
Brown and Fraser (1868/9). Their work has considerable historical 
importance since it constitutes one of the earliest attempts to make a 
systematic study of the relations between the chemical structure and 
pharmacological action of drugs. Their papers, written in the leisurely 
prose of the period, merit study and some account of their results will 
form the best introduction to our subject. 

The object of their work was to discover the effect of making parallel 
chemical changes in a number of alkaloids, all of which had pronounced 
effects on the central nervous system. The chemical change chosen 
was the conversion of tertiary bases into quaternary metho salts by sim- 
ple addition of methyl iodide: R’R’R’”N + MeI — R’R’R’’NMe} I. 
The alkaloids investigated were strychnine, brucine, thebaine, codeine, 
morphine, atropine, nicotine and N-methylconiine. The methiodides 
and methosulphates of these alkaloids were all found 1, to be much 
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less toxic than their parent bases;' 2, to have lost entirely or to a large 
extent the central actions typical of their parent bases, and 3, with the 
possible exception of nicotine, to have a new property in common, viz., 
a curare-like paralysis of motor nerve endings in voluntary muscle. 

The experiments were mainly performed on rabbits, but similar 
results were obtained with dogs, cats and frogs. The curariform nature 
of the action of these metho salts was clearly established by experiments 
similar to those of Cl. Bernard on curare. Thus, if the vessels to one 
leg of a frog were ligatured, the injection of strychnine methiodide pro- 
duced complete paralysis of the whole animal except the ligatured leg 
which still responded to reflex stimulation; on the other hand, the para- 
lysed leg still responded to direct stimulation of the muscle. Like 
curare these metho salts were inactive when given by mouth, and their 
effects could only be observed by injection. Moreover, the paralysis 
was reversible since animals recovered completely from paralysing but 
sub-lethal doses. Frogs survived large doses of these metho salts but 
mammals succumbed to large doses owing to paralysis of the respiratory 
muscles. 

Crum Brown and Fraser also discovered that curariform activity was 
not confined to the metho salts of complex alkaloids. It was shown by 
etho salts and appeared to be a general property of “‘onium”’ salts since 
it was shown by the simplest quaternary ammonium salt, viz., tetra- 
methylammonium chloride, and even by onium salts other than ammo- 
nium, é.g., trimethylsulphonium chloride (1872). 

Subsequent work, which will not be treated historically here, has 
served to establish even more firmly the accuracy of these original 
observations of Crum Brown and Fraser and to extend their generalisa- 
tion to a great variety of onium salts. Curariform properties were 
demonstrated for phosphonium salts by Vulpian (1868) and Lindemann 
(1898), for arsonium and stibonium salts by Rabateau (1882) and for 
iodonium salts by Gottlieb (1894); cf. Ing and Wright (1933). The 
isolation of curarine from calabash curare by Boehm (1897) enabled him 
to confirm the curariform nature of onium salt action by direct compari- 
son with the active alkaloid of curare (1910). His chemical investiga- 
tions also made it clear that curarine was itself a quaternary base.” 

Action on muscle and nerve. Cl. Bernard, Kolliker and other early 
workers noticed that large doses of curare sometimes depressed the 


1 That strychnine is converted into a much less pharmacologically active 
substance by methylation was first observed by Stahlschmidt (1859). 
2 For recent work on curare alkaloids see an important paper by King (1935). 
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direct excitability of striated muscle and of the nerve trunk. These 
effects were probably due to other substances, e.g., potassium salts, in 
crude curare since Boehm (1910) clearly demonstrated that pure cura- 
rine chloride (1:1000) did not produce any progressive decline in the 
direct excitability of frog’s striated muscle and Garten (1912) proved 
that curarine chloride was without effect on frog’s sciatic nerve. 

Simple onium salts, however, at relatively high concentrations may 
depress the excitability of striated muscle to direct stimulation (Héber 
and Waldenberg, 1909). This effect is similar to the depression of 
muscle produced by alkali metal salts, but paralysis to indirect stimula- 
tion is usually observed at concentrations well below that required to 
depress the direct excitability of muscle. A few onium salts produce 
contracture in striated muscles of the frog and the fowl. This is a 
“nicotine action”’; it is quite independent of the curariform action and 
appears to be confined to onium cations which contain three methyl 
groups attached to the central atom (Ing and Wright, 1933). 

Onium salts, with a few exceptions to be mentioned later, appear to 
be without effect on nerve trunks. Not many have been investigated 
in detail, but the cumulative weight of evidence for the strictly curari- 
form nature of onium salt action is considerable. It always remained 
possible, however, that onium salt action was due to paralysis of the 
non-medullated terminations of motor fibres. Since medullated nerve 
appears to be more sensitive to the action of some drugs after asphyxia- 
tion (Graham and Gasser, 1931; Fromherz, 1933) Cowan and Ing (1933, 
1935) investigated the action of onium salts on asphyxiated frog nerve; 
they found that tetramethylammonium, octyltrimethylammonium and 
methylstrychninium salts in 1-2 millimolar solutions had no appreciable 
‘effect on the action current even when the nerve was asphyxiated after 
treatment with these salts and then allowed to recover in oxygen. 
Curarine chlorine was similarly without effect. In the presence of silver 
chloride, however, onium salts may depress or even abolish the action 
current and this effect is hastened by asphyxia. 

Action on invertebrates. There is some doubt whether curare and 
onium salts have an action on invertebrates similar to their action on 
vertebrates. Straub (1910) reported that curarine chloride was with- 
out action on earthworms. He also found that curarine had no specific 
action on neuromuscular junctions in many other invertebrates (quoted 
by Boehm, 1920, p. 183). Straub attributed the positive results of a 
few previous workers to their use of crude curare, which contains po- 
tassium salts. Cowan and Ing (1935) found that tetramethylammo- 
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nium and curarine chlorides did not reduce the response of crab nerve- 
muscle preparations (Maia squinado) to indirect stimulation even at 
concentrations (10 and 3 millimolar, respectively) far exceeding those 
needed to paralyse frog nerve-muscle preparations. Katz (1935) also 
found curare without effect on the indirect excitability of the limb mus- 
cles of Carcinus mznas, although magnesium salts easily produced com- 
plete ‘‘curarization.’’ Gaskell (1914), however, reported prolonged 
paralysis of the leech by curare. The dose required for complete 
paralysis was large (2 mgm.) and about a month was required for com- 
plete recovery. He was able to show that the paralysis was of the 
type normal in vertebrates; voluntary muscles were paralysed to indi- 
rect stimulation, but contracted normally to direct stimulation; in- 
voluntary muscles were unaffected. Gaskell attributed Straub’s results 
on the earthworm to his using too small a dose; Straub’s maximum dose 
was 0.1 mgm. pure curarine chloride, which corresponds to about 1-2.5 
mgm. of a good specimen of curare. Curare also antagonises the con- 
tracture of leech muscle produced by acetylcholine. 

Cowan and Ing (1935) found curarine, strychnine metho- and etho- 
chlorides and tetramethylammonium chloride without any appreciable 
effect on the action current in Maza nerve, unless silver salts were 
present. Sea water saturated with silver chloride depressed the action 
current in crab nerve slightly, but the addition to it of tetramethylam- 
monium or curarine chlorides abolished the action current rapidly. 

Non-curariform onium salts. It would be easier to enumerate onium 
salts which do not have any curariform activity than those which possess 
it in some degree; almost all types of quaternary ammonium salts and 
simple phosphonium, arsonium, stibonium, sulphonium and iodonium 
salts have been found to be curariform. ‘The reader is referred to an’ 
article by Trendelenburg (1923) for a detailed account of individual 
onium cations. Exceptions are provided by betaines which are pharma- 
cologically inert. The metho salts of a few alkaloids also appear to 
have very slight curariform activity or to be devoid of it. Crum 
Brown and Fraser concluded that nicotine metho salts had no true 
paralysing action on motor nerve endings. Pohl (1904) found that 
the methochlorides of papaverine and papaveraldine had no curariform 
activity on frogs. Pak and Read (1935) have stated recently that N- 
methylephedrine metho salts do not produce curariform paralysis in 
cats and dogs. A more interesting exception is provided by prostigmin, 
m-Me2N -CO.-CsH4- NMe3}SO,Me, which like eserine antagonises cu- 
rare (Aeschlimann and Reinert, 1931). Since phenyltrimethylammo- 
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nium salts are strongly curariform (Ing and Wright, 1931), the intro- 
duction of the dimethylurethane group in prostigmin has produced a 
striking change in the pharmacological properties. Prostigmin may 
prove to be a member of a large class of similar onium salts, since Sted- 
man (1926, 1929) has prepared numerous synthetic urethanes resembling 
eserine in their pharmacological properties and quaternary salts derived 
from them often retain the characteristic eserine-like properties. 

With these few exceptions, curariform activity must be regarded as a 
general property of onium salts and consequently it is of interest to 
study the relative activities of different classes of onium salts. 

Measurement of curariform activity. It is always difficult to study 
quantitatively a pharmacological reaction which involves the cessation 
of some physiological response. The usual method consists in measur- 
ing the activity of the tissue at suitable time intervals until paralysis is 
complete for different concentrations of the drug. In this way both 
action-time and concentration-time curves may be plotted. 

Boehm (1910) and Trendelenburg (1923) estimated the limiting con- 
centrations of many onium salts which just failed to produce complete 
paralysis of isolated frog nerve-muscle preparations. Kulz (1922) esti- 
mated the minimum concentrations of alkyltrimethyl- and alkyltri- 
ethyl-ammonium salts required to paralyse similar preparations. The 
disadvantage of these methods is that the time factor is neglected. 
Paralysis does not occur suddenly, but occupies a time interval during 
which the muscle executes weakened contractions to indirect stimula- 
tion. The times required for complete paralysis with high dilutions of 
onium salts are considerable and during this period isolated preparations 
may deteriorate. In practice such times also vary greatly among them- 
selves as Boehm’s records show. Moreover, Ing and Wright (1931) 
found that frog nerve-sartorius preparations recovered slowly when 
immersed in tetramethylammonium solutions too dilute to achieve 
complete paralysis. For these reasons observations over extended time 
intervals are rather unreliable. 

Many authors have compared the action of onium salts on intact or 
decerebrate animals; e.g., Marshall (1914/16) studied the effect of suc- 
cessive replacement of methyl by ethyl groups in tetramethylammo- 
nium by measuring the doses required to paralyse (prevent turning 
over) decerebrate frogs within a given time. The value of results 
obtained by such methods is obscured by uncertainty about the rates 
of excretion of different ions. Cowan and Ing (1934) found that cura- 
rine chloride and strychnine methochloride were equally active on the 
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isolated frog’s sartorius preparation, but in the decerebrate animal strych- 
nine methochloride was much less active because it was much more 
rapidly excreted by the kidneys. 

Peiser (1920) estimated the activities of a few tetraalkylammonium 
salts by measuring the times required for complete paralysis of isolated 
frog’s sciatic-gastrocnemii with equimolar solutions. This method 
takes no account of possible differences in the rates of diffusion of differ- 
ent ions into the muscle. 

Boehm (1910) discovered two interesting facts about the diffusion of 
onium salts into muscle which have importance in this connection. He 
found that the time of poisoning of an isolated frog’s gastrocnemius was 
to some extent independent of the time of immersion of the preparation 
in the drug solution. Times of immersion of 1 to 30 seconds in 0.1 per 
cent curarine chloride resulted in approximately the same time for com- 
plete paralysis (60-80 min.). Increasing the immersion time to 1 
minute lowered the mean time for paralysis to 43 minutes, whilst immer- 
sion times of 3 to 17 minutes only lowered the mean time for complete 
paralysis to 27 minutes. Ingand Wright (1931) found similar effects for 
tetramethylammonium in the isolated frog’s nerve-sartorius prepara- 
tion. It is clear that the drug action involves a very rapid diffusion of 
the salt into the muscle, which is followed by the slower paralysis. 
Moreover, the drug is in some way bound by the tissues since it cannot 
diffuse out sufficiently rapidly to prevent the onset of paralysis. The 
slower paralysis process probably represents a second diffusion process 
within the tissues, viz., the attainment of effective concentrations of 
the drug at the sites of action. 

Boehm also found that many onium salts which were actually weaker 
than curarine paralysed an isolated frog’s gastrocnemius more rapidly 
than the latter at some concentrations; thus, 0.1 per cent tetramethyl- 
ammonium paralysed a preparation in a third the time of 0.1 per cent 
curarine and for 0.01 per cent solutions the time ratio was two-thirds; 
but tetramethylammonium failed to achieve complete paralysis at 0.005 
per cent, whereas curarine began to fail at 0.000,01 percent. The ratios 
quoted are exaggerated by Boehm’s use of percentage instead of molar 
concentrations, but it is reasonable to suppose that small ions will dif- 
fuse in the muscle more rapidly than relatively large ones and conse- 
quently may appear more active at certain dilutions. 

Ing and Wright (1931) tried to avoid the difficulties arising from 
different diffusion rates by using the frog’s sartorius, since this muscle 
is only a millimetre or so thick even in large frogs. They were able to 
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show that the paralysis times for perfused and isolated sartorii were 
identical within the limits of experimental error and consequently the 
diffusion factor is negligible for isolated sartorii. The paralysis time 
for an isolated gastrocnemius was, however, much longer than that for 
the perfused muscle; consequently, with gastrocnemii the diffusion fac- 
tor is not negligible and comparative experiments on this muscle are 
liable to error arising from the different rates of diffusion of large and 
small ions. 

The isolated nerve-sartorius preparation (R. esculenta) gives astonish- 
ingly reproducible results. The times of poisoning are short and the 
preparation recovers completely when washed with Ringer’s solution; 
consequently, one preparation can be used to test a variety of com- 
pounds. If the height of the contraction recorded by an isometric 
lever be plotted against time, a sigmoid action-time curve is obtained 
which is almost linear over its middle range. High dilutions of onium 
salts show a well-defined latent period at the beginning when apparently 
no action has occurred and the curve may later flatten out if incomplete 
paralysis is achieved. In comparing the paralysis times for equimolar 
concentrations it is important to choose concentrations which do not 
give very short or very long times. This is illustrated by some of Ing 
and Wright’s data (1933): e.g., for short paralysis times (3-4 min.) 
strychnine methiodide appears to be only twice as active as tetramethyl- 
ammonium iodide, but for longer times (6-25 min.) it is ten times as 
active; for still longer times tetramethylammonium may fail to achieve 
complete paralysis at concentrations at which strychnine methiodide is 
still effective. The reason for the choice of intermediate times is 
obvious; for short times the minimum time within which action can be 
produced may become significant and for long times the dose may 
approach the minimum concentration which just fails to produce any 
action. Clark (1933, p. 85) has in fact shown that concentration-time 
curves derived from Ing and Wright’s data will fit equally well two types 
of formula, viz., c(¢ — t.) = constant and (e — c,)"t = constant, where 
c = concentration, t = time and n, c, and ¢, are empirical constants. 

Ing and Wright compared the activities of many onium salts by 
measuring the times of paralysis for equimolar concentrations (1931, 
1933). Laidlaw (1913) compared the activities of stereoisomeric cana- 
dine methochlorides by measuring the concentrations which gave identi- 
cal action-time curves. He used the perfused hind limbs of frogs and 
recorded the contraction of the gastrocnemius to indirect stimulation. 
His method appears to be the most satisfactory so far devised, but it is 
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less well adapted to the comparison of a large number of compounds 
since he found it impossible to make more than one estimation on each 
hind limb. The chief disadvantage of Ing and Wright’s method is that 
the standard of comparison is a time interval. The paralysing action 
is almost certainly a complex chain of physicochemical events and the 
time for complete paralysis has no clear significance. Laidlaw’s method 
eliminates possible variations in the times of a number of processes by a 
trial and error estimation of concentrations which reproduce identical 
action-time curves. The chief advantages of Ing and Wright’s method 
are its speed, its reproducibility and its use of one preparation for several 
determinations. 

Chemical structure and curariform activity. In considering the rela- 
tions between curariform activity and detailed chemical structure 
among onium cations, it is difficult to make comparisons over a large 
field because workers have used different methods of estimating activity. 
The most striking feature, however, is the extent to which curariform 
activity is independent of detailed chemical structure. Of some forty 
different cations examined by Ing and Wright seventeen had approxi- 
mately equal activity. These ions differed both in the nature of the 
carbon radicals and in that of the central atom, as will be clear from 
the following list: 

Tetra-alkylonium ions: tetramethyl- and tetrabutyl-ammonium; tet- 
rapropyl- and tetrabutyl-phosphonium; tetraethyl- and tetrapropyl- 
arsonium ; 7-butyl-, n-amyl-, n-hexyl-, n-heptyl- and n-octyl-trimethy]l- 
ammonium. 

Arylonium ions: phenyltrimethyl- and phenylbenzyldimethyl-ammo- 
nium; diphenyliodonium; n-propyl-, n-butyl- and n-octyl-quinolinium. 
One millimolar solutions of all these ions paralysed a nerve-sartorius 
preparation (R. esculenta) in 6 +0.5 minutes at room temperature 
(15°-18°C.) 

There is, however, a small number of much less active ions, e.g., 
methyltriethyl- and tetraethyl-ammonium, triethylsulphonium, tetra- 
methylarsonium and methyl-pyridinium and -quinolinium. Of these, 
the first three had no action on a nerve-sartorius preparation at 1 milli- 
mol per litre and the last three did not produce complete paralysis at 
this concentration. 

Tetraethylammonium has long been known to be anomalous in its 
curariform properties. Its activity has been variously estimated as 
from 1/100th (Santesson and Koraen, 1900) to 1/25th (Boehm, 1910) 
of that of tetramethylammonium. Marshall (1914/16) made a careful 
study of its properties. He found that the successive replacement of 
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methyl by ethyl groups in tetramethylammonium led to a rapid decline 
in activity, trimethylethyl- having about 1/3rd, dimethyldiethyl- about 
1/25th and methyltriethyl- and tetraethyl-ammonium both about 
1/80th of the activity of tetramethylammonium. His results were con- 
firmed by Ing and Wright (1931) who found, if anything, a wider diver- 
gence in activity among members of this series. 

Tetraethylammonium also differs qualitatively in its pharmacody- 
namic properties. It produces fibrillary twitching in voluntary muscle 
and large doses produce irregular contractions. These effects were 
noticed by several early workers, but were first studied in detail by 
Marshall (1914/16) who gives early references. Marshall regarded the 
muscle tremors as due to an action on the myoneural junction. He 
found that they were antagonised by curare, tetramethylammonium 
and calcium. Rothberger (1902) had previously recorded that tetra- 
ethylammonium would antagonise curare paralysis in cats, but four 
out of his eight experiments were negative. It is more probable, how- 
ever, that the muscle tremors and contractions are due to a direct action 
upon the motor nerve fibres. Marshall himself showed that after the 
injection of tetraethylammonium into pithed frogs, the sciatic nerve 
responded to stimuli smaller than the minimal stimulus necessary 
before the injection. Loeb and Ewald (1916) found that muscle tremors 
and twitching were produced by soaking only the nerve of frog nerve- 
muscle preparations (R. pipens) in M/160—-M /24 tetraethylammonium 
salt solutions, and this effect was antagonised by calcium. Ing and 
Wright (1931) noted that tetraethylammonium produced an initial in- 
crease in the response of nerve-muscle preparations to indirect stimula- 
tion and Cowan and Ing (1933) found that this ion increased the action 
current (as measured by area under the galvanometer deflection < time 
curve) in frog sciatic nerve by 50-100 per cent. Cowan and Walter 
(1935) using a Matthews oscillograph have shown that tetraethylammo- 
nium (10 millimolar) prolongs the negative after-potential and gives 
rise to repetitive discharges in frog sciatic nerve in response to single 
condenser discharge shocks; higher concentrations also induce spon- 
taneous asynchronous activity in the nerve. They attribute these 
effects to reduction in the ‘accommodation’ of the nerve, which renders 
it very sensitive to stimuli of long duration. 

It is a matter of definition whether tetraethylammonium should be 
regarded as truly curariform. Marshall found that paralysis to indi- 
rect stimulation could be achieved by suitable concentrations in frogs 
without sensible reduction in the direct excitability of muscle. Its 
action is perhaps best regarded as a dual one, a weakly curariform action 
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on the neuromuscular junction and a direct action on the motor nerve 
fibres. 

The other weakly active ions mentioned above have not been so 
closely investigated. Marshall drew attention to the similarity between 
methyltriethyl- and tetraethylammonium. Ing and Wright found tri- 
ethylsulphonium slightly weaker than tetraethylammonium in curari- 
form activity; it also produced muscle tremors and increased the initial 
response of isolated preparations to indirect stimulation. 

The anomalous properties of tetraethylammonium and similar ions 
are not due to any peculiar property of ethyl groups. Replacement of 
methyl by ethyl groups in onium ions frequently leads to a diminution 
of curariform activity, e.g., in tetra-alkyl-ammonium ions and in all 
alkaloid metho ions so far investigated, but this is not invariably true. 
Methyl-pyridinium and -quinolinium are not only much weaker in 
curariform activity than the corresponding ethyl and higher alkyl ions 
but the former are also the only alkyl-pyridinium and -quinolinium ions 
which produce muscle tremors and an initially increased response in 
isolated preparations. In the arsonium series the tetramethyl member 
is nearly as weak in curariform activity as tetraethylammonium, whereas 
the tetraethyl member is quantitatively similar to tetramethylammo- 
nium. 

The production of muscle tremors by onium ions has only been ob- 
served with the very feebly curariform ions, but there may be no neces- 
sary connection between the two properties. Marshall noted that 
tetraethylammonium produced muscle tremors more readily than the 
equally curariform methyltriethylammonium and Ing and Wright did 
not observe muscle tremors in preparations poisoned with tetramethyl- 
arsonium, nor any initial increase in the response to indirect stimulation 
(unpublished data). 

None of the ions so far discussed is appreciably more active than the 
simplest, viz., tetramethylammonium, and all of them are much less 
active than curarine. It is difficult to compare curarine quantitatively 
with simple onium ions; at 0.1 millimol per litre it is some ten times as 
active as tetramethylammonium, but at greater dilutions its activity 
remains high whereas simple onium ions fail to achieve complete paraly- 
sis. The limiting concentration of tetramethylammonium chloride 
which just fails to produce complete paralysis of isolated frog nerve- 
muscle preparations is 0.005 per cent, whereas the corresponding value 
for curarine chloride is 0.000,01 per cent (Boehm, 1910). The only 
onium salts which approach curarine in activity appear to be the metho 
salts of certain alkaloids. Cowan and Ing (1934) found strychnine 
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methiodide slightly more active on the frog’s sartorius preparation than 
curarine chloride. On decerebrate frogs, however, it was considerably 
less active because much more rapidly excreted by the kidneys than 
curarine. Strychnine ethiodide has about half the activity of the 
methiodide on isolated preparations (Ing and Wright, 1933). Cowan 
and Ing used Boehm’s formula, CigH2,ON.Cl, for curarine chloride, but 
it is probable that the molecular weight is of the order of twice that for 
this formula, since the formula of tubocurarine is C3gsHaO,gN2Cle (King, 
1935); this would mean that curarine chloride was about twice as active 
as strychnine methochloride at 0.1 to 1.0 millimol per litre. 

Among other types of onium salts, it may be noted that choline chlo- 
ride is very weakly active, 0.35 per cent solutions failing to achieve 
complete paralysis of isolated frog nerve-muscle preparations (Boehm, 
1910); acetylcholine is 6 to 10 times more active (Trendelenburg, 1923). 
Choline chloride also appears to antagonize curare paralysis (Pal, 1910; 
Abderhalden and Miiller, 1910). Neurine has about the same activity 
as trimethylethylammonium, 7.e., about half that of tetramethylammo- 
nium. Only two amine oxides appear to have been examined, viz., tri- 
methylamine and methylethylaniline oxides, both of which had very 
feeble curariform activity (Ing and Wright, 1931). 

Not many stereoisomeric onium salts have been investigated. Hilde- 
brandt (1905) examined a number of alkylbenzylconinium salts (I) 
which in virtue of asymmetric carbon and nitrogen atoms exist in two 
racemic forms. He estimated the minimum doses required to paralyse 
frogs and found that for each of the ethyl-, propyl-, butyl- and zsoamyl- 
benzylconinium iodides the higher melting 6-isomer was more active 
than the lower melting a-isomer. The differences were slight and in no 
example was the ratio B:a greater than 2:1. With ethyl-, propyl- and 
tsoamyl-benzyleonhydrinium iodides (II) the differences between the 
activities of a- and 6-isomers were also slight but irregular. In these 
salts 
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there are three asymmetric atoms. 

A better example is provided by Laidlaw’s experiments (1913) on the 
stereoisomeric canadine methochlorides (III), which contain one asym- 
metric nitrogen and one asymmetric carbon atom and consequently exist 
in two racemic forms, a@ and 8, and four optically active forms. Laidlaw 
compared the curariform activities of the pure a and £ laevo isomers 
and of the pure a and 6 racemic isomers by the method already men- 
tioned above. He found the following ratios: l-a:l-6 = 1:12; 
l-a:dl—a = 1:5; and [-8:dl-6 = 1:4; from these results it is easily calcu- 
lated that the four optically active isomers have the following relative 
activities: l-a, 1; d—a, 9; l-8, 12; d—8, 28. Laidlaw’s curves show that 
the weakest isomer, viz., —a, is much more active than simple quater- 
nary ammonium salts and is comparable with strychnine metho salts. 
There appear to be no data for optically active onium salts in which 
the asymmetry depends on a nitrogen atom only. 

The two most striking features of the data outlined above relating 
chemical structure and curariform activity in onium salts are 1, the 
very small number of exceptions to Crum Brown and Fraser’s generali- 
sation, and 2, the extent to which curariform activity is independent of 
the nature of the central atom and of the carbon radicals attached to it. 
It is natural to assume that curariform activity is primarily due to some 
physicochemical property common to onium ions, and Meyer (1902) 
and Fiihner (1907) were the first to emphasize the dependence of curari- 
form activity on the strong basicity of onium bases. 
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A mild degree of curariform activity is commonly associated with 
organic bases, e.g., simple aliphatic amines (Brunton and Cash, 1884) 
and alkaloids such as coniine, sparteine, etc., which contain no specific 
pharmacodynamically active groups. The salts of such bases are 
hydrolysed in aqueous solution and the free bases readily penetrate 
cells. Onium salts, however, are not hydrolysed, the free bases being 
comparable with alkali hydroxides, and Overton (1897) and Harvey 
(1911) found that quaternary ammonium salts penetrate cells extremely 
slowly, if at all. 

The contrast between bases which penetrate cells easily and those 
which do so with difficulty is well illustrated by an experiment of Ing 
and Wright (1931). A frog’s nerve-sartorius preparation was treated 
with a 10 millimolar solution of ammonium chloride; full action (60 per 
cent inhibition of the response to indirect stimulation) occurred in 10 
minutes, but when the preparation was left immersed in the drug solu- 
tion complete recovery occurred within an hour. A similar preparation 
was then immersed in 0.07 millimolar tetramethylammonium iodide; 
full action (70 per cent inhibition) occurred in an hour, but the prepara- 
tion had only recovered 75 per cent of its original activity in 4 hours. 

Frankel (1904) suggested that the curariform properties of onium 
salts were caused by the new spatial orientation which the utilisation 
of the two potential valencies of tertiary bases in onium salt formation 
involved. This cannot be true since the spatial orientation of quater- 
nary ions is not different from that in ammonium. The significant fact 
appears to be the saturation of the maximum covalency of the central 
atom with carbon radicals which produces a cationic stability not found 
in the cations of amine salts. Whereas cations of the type, R;NH®, are 
readily attacked by hydroxyl ions, thus: 


R;NH® + OH® = RN + H,0, 


onium cations are quite stable in aqueous solution and resemble alkali 
metal cations. The free bases rarely decompose below 100°C. and the 
salts are in general even more stable. 

The fact originally observed by Crum Brown and Fraser that metho 
salts derived from -alkaloids with highly specific pharmacodynamic 
properties are found to have lost entirely or to a large extent the proper- 
ties of their parent bases is also readily explained on the lines suggested 
above. It is a commonplace of pharmacology that the pharmacody- 
namic properties of alkaloids are usually due to the free bases and not 
to the cations of their salts; this has frequently been demonstrated for 
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local anesthetics and, e.g., cocaine metho salts have no local anes- 
thetic properties (Ehrlich and Einhorn, 1894). 

There are, however, some exceptions to Crum Brown and Fraser’s 
generalisation; e.g., strychnine metho salts appear to have some stimu- 
lating action on the central nervous system resembling that of the parent 
base, but the extent of this action depends on the mode of- administra- 
tion and it is naturally not observed when the peripheral paralysis is 
complete (Cowan and Ing, 1934; Crum Brown and Fraser, 1868/9; 
Jolyet and Cahours, 1868). 

Atropine provides a more notable exception; Crum Brown and Fraser 
found that atropine metho salts retained the typical peripheral actions 
of the parent base, but showed no convulsant properties; the curariform 
properties were also well-marked. Atropine metho salts have in fact 
a stronger action on peripheral structures than the parent base. Isse- 
kutz (1917) reported that atropine metho salts acted about 8 times as 
powerfully as atropine on the frog’s heart and 3 to 4 times as powerfully 
on the salivary glands. Cushny (1920) estimated that atropine metho- 
bromide was about 1.5 times as powerful as atropine in antagonizing 
the action of pilocarpine on the salivary glands of the dog. It may be 
noted that atropine etho salts have weaker peripheral activities than 
atropine. 

Curariform activity therefore appears to depend primarily on the 
ionic character of onium cations and not on their detailed chemical 
structure. Such a view makes plausible the generality of the effect and 
accounts for the diversity of ions with quantitatively similar activities. 

It remains to consider onium ions which show abnormally high or low 
activities. The structure of curarine is unknown (compare King (1935) 
for work on the structure of tubocurarine) and that of strychnine, cana- 
dine, etc., is too complex to make profitable any speculation on the struc- 
tural factors which contribute to the high activity of their metho salts. 

The abnormally low activities of tetraethylammonium and a few 
similar ions are very difficult to explain.* They are not due to any 
peculiar properties of ethyl groups. There is no evidence for any 
abnormal physical properties of tetraethylammonium and similar ions. 
Ing and Wright (1933) suggested that the anomalous curariform proper- 


3’ Tetraethylammonium has frequently been regarded as anomalous with 
respect to the muscarine-like and nicotine-like properties of onium ions, but a 
survey of the available data shows that this is not true. It behaves similarly 
to a large number of onium salts which contain less than three methyl groups on 
nitrogen. 
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ties might be due to the unique value of some normal physical property, 
such as ionic volume. They found that ions of the type, R«X®, showed 
minimum activity for certain sizes of R and X, and that for larger atoms 
X the minimum moves towards ions with smaller radicals R. Thus in 
the ammonium series MeskN = BusN > PriN > Et,N; in the phospho- 
nium series BusP = PriP > MegP > Et«P; and in the arsonium series 
PrsAs = EtsAs > MesAs. The weakest ions EtsN, MesAs, and Et;8 
have radii between 2.3 and 2.8 A. U. and ions with radii smaller or 
greater than these limits have greater curariform activity. Such con- 
siderations of size can only apply to ions of the same shape; e.g., the 
isomeric ions, tetraethyl- and amyltrimethyl-ammonium must have 
approximately equal ionic volumes, but their contours will be different 
and their curariform activities are widely different. It is, however, 
difficult to give any physiological meaning to such considerations of size 
and shape. Pharmacologists are familiar with numerous examples of 
maximum activity in one member of a homologous series of compounds 
and it has frequently been suggested that such maxima may be due to 
an optimal “‘fit’’ between the drug and the tissue upon which it acts. 
The example presented by tetraethylammonium, however, is one of 
minimum activity for one member and greater and more or less uniform 
activity for its higher and lower homologues. 

Theories of curariform activity. The nature of the ionic reaction in- 
volved in ¢urariform activity is completely unknown. Laidlaw’s dis- 
covery of the wide divergence in activity of the optical enantiomorphs of 
a- and §-canadine methochlorides suggests that a chemical reaction is 
involved. Ing and Wright (1931) measured the temperature coefficient 
of the action of tetramethylammonium iodide on frog nerve-muscle 
preparations for the temperature ranges, 23.5° to 13.5° and 13.5° to 
3.5°C., and found Qiy = 1.5, a value consistent with the possibility of a 
chemical reaction being involved. The nature of the chemical reaction 
postulated remains a matter for speculation. On general chemical 
grounds the possibilities are rather limited. Any decomposition of 
onium salts at the site of action is made improbable by the extent to 
which curariform activity is independent of detailed chemical structure. 
There remains the possibility of some ionic exchange or permutit-like 
reaction in which the onium ion replaces some normal cation in the 
structure upon which the drug acts (Ing and Wright, 1931). 

Cl. Bernard’s original view of the action of curare was that the drug 
had a local action on that part of the motor nerve which lies within the 
muscle. When it was discovered that the terminations of motor nerves 
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in striated muscle had a characteristic histological appearance, it was 
assumed that the nerve endings might have properties different from 
those of the fibres which they terminated and might consequently react 
differently to drugs. Since curarine had no action on motor fibres, the 
nerve endings were assumed to be the site of its action. Later Langley 
(1906) introduced the idea of a “receptive substance’ in the muscle 
which receives the stimulus from the nerves and by transmitting it 
causes contraction. Curare was then supposed to paralyse the action 
of the receptive substance. This idea was based on Langley’s studies 
on the nicotine-curare antagonism and in particular on his observation 
that curare antagonised the nicotine contracture of frog muscle even 
after the degeneration of the motor fibres and of their terminations. 
Since the analogy between the action of curarine and that of onium 
salts appears to be complete, it has naturally been assumed that onium 
salts also act upon the recéptive substance.‘ 

The development of the neurohumoral or chemical transmission 
theory of nervous stimulation which originated in Loewi’s classical 
experiments has modified profoundly current ideas of nerve endings and 
of the action of drugs at nerve endings. Evidence for the view that 
the transmission of nerve impulses from motor nerves to striated muscle 
involves the liberation of acetylcholine is rapidly accumulating and has 
been reviewed recently by Gaddum (1936). In particular curare 
appears not to affect the liberation of acetylcholine in curarized muscles 
(Dale, Feldberg and Vogt, 1936) and consequently its action must be 
regarded as antagonistic to that of the normal transmitter. The 
transmitter is still liberated by nerve impulses but is prevented from 
having its normal effect. Incidentally this result provides a new cri- 
terion of curariform activity. 

Since the active alkaloid of curare is a quaternary ammonium salt, it 
is reasonable to expect that the curariform action of onium salts in 
general will be found to depend on an antagonism to the chemical trans- 
mitter liberated at the nerve endings. ‘This view of curariform action 
is too recent to make a detailed discussion of it profitable but it does 
not seem likely to conflict with the general argument of this article that 
it is the characteristic ionic properties of onium cations which determine 
the curariform action. Acetylcholine is itself an onium cation and this 
fact may account for the peculiar effectiveness of foreign onium cations 
in blocking the action of the chemical transmitter. 

The view that onium salts antagonise acetylcholine at myoneural 


‘For attempts to localise the site of action histologically by the use of 
curarizing dyestuffs see Fiihner (1908) and Fulton (1921). 
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junctions in striated muscle does not necessarily involve the conclusion 
that they should do so at all cholinergic junctions, but the “nicotine”’ 
properties of onium salts, first described by Dale (1914), are interesting 
in thisconnection. The stimulating nicotine properties (on sympathetic 
ganglia, the suprarenal medulla and certain striated muscle fibres) are 
not shown by onium cations which contain less than three methyl groups 
attached to the central atom, but the paralysing nicotine action on 
sympathetic ganglia appears to be a general property of onium salts 
(Dale, 1914; Burn and Dale, 1914; Hunt and Renshaw, 1925; Hunt, 
1926). Brown and Feldberg (1935) have recently shown that cura- 
rine chloride shares this property.. They found that curarine chloride 
paralysed the superior cervical ganglion of the cat both to nerve stimu- 
lation and to small doses of acetychloline, but it did not affect quanti- 
tatively the output of acetylcholine from the ganglion during pregangli- 
onic stimulation. This observation suggests that the paralysing 
nicotine action on sympathetic ganglia may be allied to the curariform 
action, both actions depending on an antagonism to acetylcholine. 
No mention has been made in this discussion of Lapique’s theory of 
curarization. This theory, however, offers no reason why onium cations 
should produce heterochronism; at most it provides an alternative way 
of describing the physiological data. Moreover, the theory has been 
recently reviewed and criticized by Rushton (1935). 
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Munro (1783), in the eighteenth century, formulated an hypothesis 
which has colored all subsequent inquiry into cerebral circulation. ‘‘As 
the substance of the brain, like that of the other solids of our body is 
nearly incompressible the quantity of blood within the head must be 
the same, or very nearly the same, at all times whether in health or 
disease, in life or after death, those cases only excepted in which water 
or other matter is effused or secreted from the blood vessels; for in these, 
a quantity of blood equal in bulk to the effused matter will be pressed 
out of the cranium.” 

This thesis, further developed by Kellie (1824) and subsequently 
known as the ‘“Munro-Kellie Doctrine,’ was soon widely accepted and, 
although modified by later researches (Burrows, 1846), has been in the 
main confirmed (Weed, 1922, 1929 and 1933; Flexner 1934). 

However, an unfortunate adherence to the “letter”? of Munro’s ver- 
balism that the brain is enclosed in a “case of bone” may have delayed 
interest in the physiology of the cerebral blood vessels, since it has been 
commonly assumed that they were quite passive and were capable of 
but little change in diameter (Bayliss and Hill, 1895). Renewed curi- 
osity and technical advance have revealed that the brain vessels actively 
change in size. This change though not of a major degree, is significant 
and thus the vessels may vary independently of the systemic blood 
pressures. 

Since the brain is contained in a closed chamber it must be a chamber 
with an expansile window. ‘This window may be thought of as partially 
mechanical, permitting the total volume to change by means of plastic 
surfaces, as for example the inward collapse of dura mater and the vol- 
ume changes in intradural veins. On the other hand, it is also of a 
functional nature in the sense that resorption or formation of cerebro- 
spinal fluid may parallel the change in volume of the blood vessels 
(Weed and Flexner, 1932; Weed, Flexner and Clark, 1932; Flexner, 
Clark and Weed, 1932). 
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In brief, it is well to look upon the brain container as an almost rigid 
box which allows of no major increase in its contents, but which is plastic 
enough to permit of physiological variation in the amount of cerebral 
blood. 

As a basis for subsequent physiological considerations it is expedient 
to review the anatomic arrangements of the cerebral vasculature. The 
blood vessels of the brain differ in no histological essential from vessels 
elsewhere, though there are minor differences. In the cerebral arteries 
the elastic fibers are more numerous and have a different arrangement 
than in other parts of the body (Cobb and Blain, 1933). Further- 
more, the cerebral veins have, in relation to their large lumen, extremely 
thin walls, composed mainly of connective tissue with no uniform num- 
ber of layers. Muscle fibers are present in the bigger superficial veins 
but are few in number and hence are frequently overlooked. Also; in 
most of the deep veins, muscle fibers are seen though again they are not 
numerous (Stransky and Léwy, 1912-13). Myelinated and unmye- 
linated nerves and endings traverse the surface of the cerebral vessels 
in no unusual way. 

The cerebral arterial tree, unlike that of many organs, has no hilus 
from which the vessels plunge into the body of the structure. On the 
contrary, the abundant resources of blood flowing to the brain through 
the internal carotid and vertebral arteries are united by the “‘Circle of 
Willis”, which with its six large branches, encircles the globoid hemi- 
spheres at their base. These six great trunks then divide into branches. 
A few enter the basal ganglia and choroid plexus, but for the most part 
they spread themselves like a net in finer and finer branches over the 
surface of the cortex. Smaller arteries at innumerable points dive 
deeply into the cortical and subcortical tissues where they anastomose 
with one another and with others coming through the brain substance 
from the opposite surface of the hemisphere (Cobb, 1932). 

The cerebral veins are divided into two groups, the internal and exter- 
nal, with incomplete anastomoses between them. The internal group 
drains through the great cerebral vein of Galen, running back directly 
over the pineal body (Bailey, 1934). The external veins emanate from 
the region of the insula. Because with growth there is anterior dis- 
placement of the frontal lobe, and posterior development of the main 
mass of the hemispheres, the direction of the terminal portion of the 
great veins is altered; the anterior veins are thus directed posteriorly 
and the posterior veins course obliquely anteriorly as they pass to the 
superior sagittal sinus (Stopford, 1930; O’Connell, 1934). The large 
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venous sinuses drain into channels at the base of the skull. The blood 
then flows from the cranial cavity like fluid from a flask with a gradually 
tapering neck. 

Since, then, the pial arteries are figuratively the floodgates of the cere- 
bral circulation, it is reasonable to infer that alterations in their caliber 
directly influence the cerebral circulation. These pial arteries give 
rise to smaller vessels forming different patterns, depending on whether 
they supply the neo- or paleo-cortex. In the neopallium the smaller 
arteries, after leaving the surface, give off a few capillaries in lamina I, 
and many more in laminae II, III, IV, and V, beneath which lamina VI 
is again less vascular. The white matter everywhere is relativeiy less 
vascular than the gray (Cobb, 1929; Craigie, 1920 and 1921). In the 
fiber tracts, the arterioles and venules roughly parallel the fibers, so that 
there is a linear pattern of vessels, the capillary net crossing between, 
making many small irregular quadrangles (Cobb, 1932). 

Similarly, the cerebellum receives its blood from the pial arteries over 
its convexity. The smaller arteries penetrate into the molecular layer 
and pass through it, giving off a few capillaries which make large loops. 
In the granular layer, however, they give off many more capillaries and 
the loops are smaller and more rounded. Hence, when a thick section 
is examined with low power magnification a dense weave of capillary 
net-work appears as a dark band corresponding in position with this 
cellular layer (Cobb, 1932). 

The basal ganglia, being relatively centrally placed, have arteries 
which enter from all surfaces and penetrate toward the center of the cell 
mass, subdividing into finer branches. The capillary network forms a 
pattern of uneven rounded loops which under magnification have the 
appearance of finely spun nets drawn over the surface of transparent 
spheres. The capillary bed forming the net appears as a continuous 
anastomosis (Cobb and Talbot, 1927; Cobb, 1932). 

Thus, from a study of the cerebral cortex and basal ganglia in the 
lower vertebrates and in man there is no evidence for the existence of 
end arteries (Pfeifer, 1928; Cobb, 1931 and 1932). 

In the spinal cord the circulatory mechanism, although analogous to 
that seen in the brain, differs because of the relative position of the white 
matter which, lying outside the gray, causes the arterial arrangement to 
be reversed. As in the brain the gray matter has a richer blood supply 
than the white matter. The larger arteries lying in the sub-arachnoid 
space, commonly three in number, send branches through the white 
matter to the gray beneath. The surface arteries and their perforating 
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branches thus supply the blood to the spinal cord. No vessels are found 
within the central canal. There is less anastomosis between the differ- 
ent segments of the cord than between the different parts of the brain, 
although free anastomosis takes place between capillaries here as in the 
brain (Cobb, 1932). 

Cerebral blood vessels—physical characteristics. The pial arteries 
when inspected on the surface of the cortex through a tightly closed 
skull window (Forbes, 1928) have a solid, ribbon-like appearance. No 
movement of the brain surface is visible. Photographs with magnifica- 
tion of 200 times and exposed for two minutes show no blurring. How- 
ever, the larger arteries, wherever they change the direction of their 
course, throb with each cardiac systole, bending and straightening out 
slightly while gently tugging the arachnoid. The smaller peripheral 
arterial twigs jerk less and no movement is observed in the smallest. 
The bright scarlet color of the arteries contrasts with the purplish red 
of the veins. 

The arterioles send off branches more nearly at right angles than do 
the venules. Some of the arterial branches have an annular constric- 
tion at their point of origin from a larger artery. As a consequence 
that portion of the artery immediately peripheral to the junction is of 
greater diameter (Florey, 1925). Annular constrictions may appear in 
an exaggerated form when there is vasodilatation after mechanical 
trauma (Hertzman and Franke, 1935). 

The movement of blood corpuscles in the lumen of the arteries and 
arterioles cannot be discerned when the blood pressure is average. 
However, when the systemic arterial pressure falls to 15-20 mm. of 
mercury the movement of the individual red blood corpuscles can be 
seen (Wolff). This continues until death when, if the chest is slightly 
lower than the head, reversal in the direction of flow occurs and the 
cerebral arteries usually become empty. In the minute vessels and 
veins (Forbes, 1928) contrary to the arteries, the movement of the 
corpuscles, although rapid, is normally slow enough to be readily visible. 
The flow in the minute vessels is pulsatile. In the slightly larger 
venules the flow may appear slower and steadier, while in the largest 
tributary veins it becomes increasingly more rapid and may become so 
rapid as to be no longer visible. 

The movement of the corpuscles within the veins is influenced by 
respiration. With deep respiratory movements the venous flow alter- 
nately slows and speeds up. The change in speed of flow is not syn- 
chronous with the beginning or end of either phase of respiration, but 
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starts after the middle of expiration and ends after the middle of inspira- 
tion. 

The flow in the minute vessels is remarkably constant under ordinary 
conditions and these vessels do not periodically appear and disappear. 
The number of red cells in them may change from time to time but un- 
less the blood pressure falls appreciably these vessels do not empty 
completely. Whether periodic opening and closing of the minute vessels 
within the substance of the brain occurs has not been satisfactorily 
determined. 

The diameter of the cerebral arteries, although constant for as long as 
an hour, may change spontaneously from time to time (Forbes and 
Wolff, 1928). Similarly, although the speed of flow is relatively con- 
stant, sudden change of position or blood pressure may be followed by a 
change of circulation. [This has been determined for the head by a 
stromuhr in the common carotid (Burton-Opitz and Edwards, 1916). 
The intracranial blood flow has been determined by the following 
methods: outflow from the cerebral veins (Howell, 1898); time for 
radium emanation to travel from the internal carotid artery to the 
internal jugular vein (Wolff and Blumgart, 1929); thermocouple in the 
internal jugular vein (Gibbs, 1935). The cerebral blood flow has been 
measured by a thermocouple in the brain substance (Wolff and Cattell, 
1935).] Variations in systemic venous pressure within rather wide 
limits (11 to 80 mm. Ringer solution) produces no change in the caliber 
of the pial arteries (Finley and Forbes, 1933). 

Electrical stimulation applied directly to the arterial wall causes 
vigorous vasoconstriction and is the only type of stimulation which 
produces enough change in the lumen to occlude the cerebral arteries 
completely or almost completely. The vasoconstriction may be present 
from 15 to 20 seconds to 24 hours after cessation of stimulation (Florey, 
1925). Ice applied to the cortex for 15 to 30 seconds causes moderate 
contraction whereas temperatures of 40°C. may result in dilatation. 
Higher temperatures (45°-47°) are said again to cause contraction but 
inconstant and variable results are obtained with temperatures about 
40°C. 

Cortical blanching can be locally produced by increasing intra-cranial 
pressure. This was done by forcibly injecting saline through a syringe 
attached to a skull window. This local cerebral anemia is followed by 
vasodilatation. That the compression effect was not generalized was 
shown by the fact that during the injection there was no appreciable 
increase in intracranial pressure as measured by a manometer needle in 
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the cisterna magna. As with local cerebral anemia, cerebral asphyxia 
produced by causing the animal to breathe various carbon monoxide 
and air mixtures always results in maximal long-lasting cerebral vaso- 
dilatation. In fact, asphyxia produced by whatever means is always 
followed by cerebral vasodilatation, assuming that the blood pressure is 
not too low (Wolff). 

Before entering more deeply into the consideration of cerebral circula- 
tion it is well to appreciate that many erroneous conclusions have arisen 
from inadequate methods of observation (Forbes and Wolff, 1928). Re- 
cent descriptions of the free anatomoses between the internal and ex- 
ternal carotid arteries (Bouckaert and Heymans, 1935) particularly in 
the dog and cat, demonstrate that internal carotid artery flow, often 
taken as an indicator of intracranial blood flow is not a measure of cere- 
bral blood flow alone. Hence, as an index of cerebral circulation, the 
extensive data on changes in pressure, temperature and stream volume 
in the internal carotid artery must be viewed with caution, even though 
they may not be completely waived. 

Less difficult to interpret are the direct micrometric observations of 
superficial or deeper brain vessels (Forbes, 1928) though no general 
conclusions may be drawn concerning blood vessels in all parts of the 
brain from such limited fields of observation. On the other hand, 
accurate measurement of temperature variation of the brain substance 
is the most reliable index of local cerebral blood flow (modification by 
Schmidt and Pierson, (1934) of a method developed by Gibbs (1933)). 
The selection and evaluation of data throughout the subsequent dis- 
cussions have been influenced by these general criticisms. 

Cerebral circulation and the action of chemical agents. Since chemical 
agents have been instrumental in shaping concepts concerning the brain 
circulation, it is relevant to consider here several of these substances in 
more detail. 

The effect of epinephrine on the cerebral vasculature has frequently 
been studied (Forbes and Wolff, 1928; Forbes, Finley and Nason, 1933; 
Riser and Sorel, 1930; Riser, Meriel and Planques, 1931). Observa- 
tions have not always been in accord, but recent experiments explain 
apparently conflicting results. Thus, when epinephrin (in dilutions of 
1:10,0000 to’1:500,000) was applied locally to the pia over the cortex 
(cats and monkeys) vasoconstriction of pial arteries was observed, the 
average constriction being about 18 per cent. Intravenous injection, 
however, caused a rise in systemic blood pressure, and pial artery widen- 
ing in more than half the experiments. Sometimes there was a slight 
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constriction after the blood pressure effect was over and when the blood 
pressure had reached its initial level. Also, the cerebral blood flow, as 
determined by a thermocouple in the brain substance, at first increased, 
the amount depending on the dosage and the rise in systemic pressure. 
This was sometimes followed by decrease in flow (Schmidt, 1934; Wolff 
and Cattell, 1935). Intracarotid injection caused increase in constric- 
tion in most of the remainder, again not due to a fall in blood pressure. 

On the other hand, when the blood pressure was kept constant by 
means of an artificial perfusion system (Finesinger and Putnam, 1933) 
epinephrine in the perfusion fluid caused a significant decrease in cere- 
bral blood flow (30 to 40 per cent in monkeys and cats). Under these 
circumstances direct observations of pial vessels revealed vaso constric- 
tion averaging about 10 per cent (in cats). 

In other words, epinephrine, when applied locally to the surface of 
the cerebral cortex, usually causes vasoconstriction; in contrast, when 
injected intravenously there is usually widening of the cerebral arteries 
during the subsequent rise in systemic arterial pressure. ‘The increase in 
diameter is sometimes followed by vasoconstriction. Similar effects are 
observed after intracarotid injection. Thus, the local vasoconstrictor 
effect of epinephrine may be overcome by the rise in systemic arterial 
pressure caused by the action of epinephrine. When the systemic arte- 
rial pressure is kept artificially constant, epinephrine in the blood stream 
then causes cerebral vasoconstriction only. The effect of any given 
amount of epinephrine is the resultant of two opposing forces—a weak 
local constrictor action and the relatively stronger expansile action of 
the raised systemic arterial pressure. 

Because the effects of acetylcholine closely resemble those of the choli- 
nergic neuro-humoral agent, its effect on the cerebral vessels is of in- 
terest. Acetylcholine, when given intravenously, caused pial vasodila- 
tation averaging 22 per cent with a blood pressure fall of 69 per cent 
(Wolff, 1929). As with histamine and amy] nitrite, cerebral vasodilata- 
tion can occur in spite of a fall in systemic blood pressure. Despite the 
cerebral vasodilatation the cerebral blood flow, (as determined by a 
thermocouple in the brain substance, Wolff and Cattell, 1935) may 
actually be slower during the fall in blood pressure. After the blood 
pressure begins to return to its original level, the blood flow considerably 
increases for some time (Wolff and Cattell, 1935; also, Schneider and 
Schneider, 1934, using a thermocouple in the internal carotid). 

The effects of histamine demonstrate the inadequacy of even maximal 
cerebral dilatation in maintaining cerebral blood flow if systemic arterial 
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blood pressure falls too low. Histamine causes dilatation of all visible 
blood vessels in the pia: arteries 288 micra in diameter and vessels of 
capillary size are alike affected (animals under barbiturate anesthesia). 
The diameter of the vessels may increase as much as 50 per cent. After 
intravenous injection, the cerebral vascular dilatation is accompanied 
by a fall in systemic arterial and a rise in systemic venous pressure and 
in cerebro-spinal fluid pressure. Occasionally, with a great fall in blood 
pressure, a slight transient narrowing of the pial vessels immediately 
precedes the dilatation (Forbes, Wolff and Cobb, 1929). 

In cats anesthetized with ether, however, the pial arteries may become 
narrower after intravenous histamine. Thus, a discrepancy in reported 
observations on the effect of histamine on cerebral vessels resolves itself 
into whether ether or a barbiturate is used as an anesthetic. If ether is 
used, the cerebral vessels become moderately dilated; histamine, be- 
cause of its action of lowering the blood pressure, narrows the already 
dilated vessels, and its own vasodilator effect is thus not discernible. 
In contrast, after barbiturate anesthesia, histamine produces only cere- 
bral vasodilatation. Ether probably has no specific cerebral dilator 
properties not possessed by the barbiturates. It is possible, however, 
that in the initial stages of ether anesthesia in animals, the depth of 
anesthesia and carbon dioxide output are less readily controlled, and 
greater cerebral vasodilatation may thus incidentally accrue. 

After histamine injection the volume of blood passing through the 
internal carotid falls off rapidly but soon begins to increase, eventually 
exceeding its original volume during the slow return of the blood pres- 
sure to normal (Schneider and Schneider, 1934; C. J. Keller, 1930, with 
a modification of the Rein thermostromuhr on the internal carotid). 
The secondary increase in cerebral blood flow is the result of cerebral 
vasodilatation. Continuous infusion of histamine demonstrates, how- 
ever, the dependence of cerebral blood flow on blood pressure despite 
maximal cerebral vasodilatation (Wolff and Cattell, 1935). When 
dilute solutions of histamine are slowly infused intravenously, the sys- 
temic arterial blood pressure falls, and the cerebral blood flow becomes 
slower (determined by a thermocouple in the brain substance). The 
blood pressure and the cerebral blood flow remain at a lower level as long 
as the perfusion continues. With cessation of the perfusion, the cerebral 
blood flow increases, and reaches a level considerably higher than before 
the histamine infusion. In other words, the cerebral vasodilator action 
of histamine is without effect in increasing the cerebral blood flow until 
the blood pressure level has almost returned to what it was before the 
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drug was injected. Also, if one histamine injection is followed by a 
second, given just before the systemic arterial blood pressure has re- 
gained its original level, the increase in cerebral blood flow that usually 
accompanies this phase of the histamine action does not occur. The 
cerebral blood flow is again slowed, and reaches the low ebb that it had 
shortly after the first injection. 

If at the height of the increased cerebral blood flow following histamine 
injection the blood pressure is caused to fall by increasing the intra- 
thoracic pressure through distention of the lungs, then the cerebral flow, 
in spite of the vasodilator action of the histamine, is promptly decreased. 
With the return of intrathoracic pressure to normal the cerebral blood 
flow again reaches its augmented level, thus to remain for the usual time 
(Wolff and Cattell, 1935). 

In brief, despite an increase in the diameter of the cerebral vessels as 
great as 50 per cent, the brain blood flow may decrease if there is a 
considerable fall in blood pressure. Furthermore, these experiments 
demonstrate the difficulty and probable error in drawing inferences 
concerning the diameter of brain vessels from blood flow values alone 
(Wolff and Cattell, 1935). 

Pituitary posterior lobe extracts, according to some (Howe and McKin- 
ley, 1927; Florey, 1925), produce no constriction of pial vessels. Others 
have observed both constriction and dilatation (Wolff, 1929). Thus, in 
cats, (Forbes, Finley and Nason, 1933), posterior lobe extracts (‘‘pitui- 
trin” and “pitressin’’?) when applied locally under skull windows pro- 
duced inconstant effects, widening of the arteries occurring in more than 
half of the experiments. When given intravenously the results were 
again inconstant, increase in diameter also occurring in more than half 
of the experiments. Usually when the systemic arterial pressure rose 
appreciably the cerebral arteries at first increased in diameter, then, 
shortly after the peak of the rise or when the pressure was falling, the 
pial arteries became narrower, and in about 8 per cent the diameter 
became less than that preceding injection, independently of blood 
pressure changes. Initial vasoconstriction approximating 8 per cent 
occurred in about a fifth of the experiments. 

Observations on the cerebral blood flow as measured by a thermo- 
couple in the internal carotid of dogs (Schneider and Schneider, 1934) 
reveal that following “hypophysin” there is a decrease in cerebral blood 
flow which continues as long as the blood pressure remains high. ‘Thus, 
it would seem that the cerebral vasoconstriction is of a degree which is 
not overcome by the moderate elevation of the systemic arterial blood 
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pressure. It is to be recalled, however, that because of anastomoses 
between the internal carotids no definite conclusions concerning blood 
flow determined by this method are justified. 

It would seem that the posterior pituitary lobe extract may both in- 
crease and decrease diameter of cerebral arteries, depending to some 
extent on the method of administration and the systemic arterial blood 
pressure, but to a greater degree on unknown factors. The cerebral 
vasomotor reaction to the gland substance would, at best, appear to be 
a minor one, but qualitatively, perhaps not unlike that of many other 
vascular beds. 

There is general agreement concerning the effect of amy] nitrite and 
other nitrites on the blood vessels of the brain (Leake, Loevenhart and 
Muehlberger, 1927; Florey, 1925; Wolff, 1929; Schneider and Schneider, 
1934). When amy] nitrite is inhaled, the blood pressure falls and the 
pial arteries, veins, and minute vessels dilate. 

The action of caffeine on the cerebral vessels is similar to the vascular 
response to caffeine in other parts of the body (Finesinger, 1932). 
During amytal anesthesia the intravenous injection of caffeine in cats 
caused an average increase in diameter in the pial arteries of 29 per cent 
(by skull window observations). There was an abrupt drop in blood 
pressure with immediate return to normal. Cerebral blood flow was 
then increased (as measured by a thermocouple in the internal carotid, 
Schneider and Schneider, 1934). However, during ether anesthesia, 
intravenous injection of caffeine caused a transient narrowing, averaging 
18 per cent, during an abrupt drop in blood pressure. As was noted in 
histamine studies, the cerebral vasodilator effect of caffeine was masked 
since the cerebral vessels were already dilated by ether. 

Hypertonic solutions, when injected intravenously or intraperitoneally 
cause, after short-lived increase in diameter, moderate constriction of 
the pial arteries and arterioles (by skull window observations, Wolff and 
Forbes, 1928). Later the arteries, the minute vessels and veins widen 
(Kubie and Hetler, 1928; by skull window observations, Forbes and 
Nason, 1935) and the blood volume of the brain increases (as determined 
by adding silver proteinate to the blood and ashing, Weil, Zeiss and Cleve- 
land, 1931), due presumably to the well marked decrease in intracranial 
pressure and to the elevation of the systemic arterial pressure. With 
the elevation in blood pressure the rate of cerebral blood flow is at first 
increased despite the slight constriction of the larger vessels (thermo- 
couple in the internal carotid of dogs, Schneider and Schneider, 1934). 

It is not relevant here to discuss the reaction of every chemical agent 
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on the cerebral vasculature, but a few miscellaneous observations of 
interest may be mentioned. Most anesthetics cause some cerebral 
vasodilatation. Ether causes more, the barbiturates less (Schmidt and 
Pierson, 1934; Finesinger and Cobb, 1935). When the anesthesia is 
very deep the effect of asphyxia adds to the vasodilator effect of the 
anesthetic. Barium chloride solution (5 per cent) causes marked con- 
striction of cerebral and medullary vessels (Florey, 1925). Hydrogen 
sulfide in relatively large amounts acts on the cerebral circulation in a 
manner similar to other acids, causing dilatation of arteries in the pia. 
In smaller amounts the gas often causes a slight constriction (Forbes 
and Krumbhaar, 1933). 

The results of ergotamine tartrate injection on pial vessels are incon- 
stant: dilatation, constriction, or no change occur equally often (by 
skull window observations, Pool and Nason, 1935). The changes in 
cerebral flow are, in almost all cases, in the same direction as the changes 
in blood pressure (as determined by a thermocouple in the internal 
jugular vein, Lennox, Gibbs and Gibbs, 1935). But in contrast (Pool 
and Nason, 1935) dural vessels constricted on the average 25 per cent 
and skin vessels 39 per cent. 

The convulsions produced by absinthe, homocamfin, monobromated 
camphor, and picrotoxin, as well as those occurring spontaneously in 
man, are apparently not associated with significant or consistent changes 
in the cerebral circulation (by skull window observations in cats, Fine- 
singer and Cobb, 1933; by a thermocouple in the internal jugular vein in 
man, Gibbs, Lennox and Gibbs, 1934). 

In brief, basic principles of the brain circulation are illustrated by the 
action of the common pharmacodynamic agents. In maintaining con- 
stant, increasing, or decreasing cerebral flow,—cerebral vasodilatation 
and constriction, compensate for hydrostatic effects only within a com- 
paratively narrow range of pressure variation. When the blood pres- 
sure exceeds this margin, the effect of cerebral vasoconstriction in re- 
stricting blood flow is offset; and vice versa, when the range is exceeded 
in the opposite direction, i.e., with a blood pressure fall, cerebral vaso- 
dilatation is inadequate to sustain a constant cerebral blood flow. Thus, 
epinephrine demonstrates that in so far as the cerebral blood flow is 
concerned, cerebral vasoconstrictor effects are readily offset by eleva- 
tions in arterial blood pressure. By histamine it is shown that a con- 
stant or even adequate cerebral blood flow is not maintained despite 
maximal cerebral vasodilatation, if there is a coincident and appreciable 
fall in blood pressure. 
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Finally, even more important than their rdéle as illustrators of funda- 
mental principles, is the influence that one of these substances actually 
exerts in the regulation of the cerebral circulation. It has already been 
suggested, and it will become more apparent in subsequent discussion 
that carbon dioxide is an important regulator of cerebral blood flow. 

Cerebral circulation and respiration. The influence of the cerebral 
blood flow upon respiration has been experimentally established (Rosen- 
thal, 1865; Gesell et al., see Schmidt, 1928), although recent observations 
according recognition of the carotid sinus as a potential respiratory 
regulator have revealed that some of the effects previously attributed 
to cerebral blood flow alone are due in part to carotid sinus action (Hey- 
mans, Bouckaert and Regniers, 1933). There is, however, a difference 
of opinion concerning the relative magnitude and physiological impor- 
tance of these reflex effects. 

That respiration may be directly affected by alteration in the cerebral 
blood flow is deduced from the following evidence (Hill, 1896; Schmidt, 
1932"). First, if the cerebral blood flow is increased by adrenalin, 
apnoea occurs in decerebrate animals even after section of sinus and 
aortic nerves, which indicates that the responsible factors must be 
localised in the brain stem. Secondly, studies of the effects of variation 
in cerebral blood flow show that both with and without carotid sinus 
nerves (assuming that the carbon dioxide content of inspired air remains 
constant), respiratory depression follows increase in cerebral blood flow, 
whereas increased respiratory activity follows a decrease in blood flow. 
Thirdly, the respiratory excitant effect of sudden cerebral anemia can 
overcome the strongest reflex inhibition resulting from high endosinusal 
pressure. Fourthly, in experiments in which the cerebral blood vessels 
are artificially perfused, respiratory depression followed increases in 
cerebral blood flow as slight as 6 to 13 per cent of the preceding flow. 
In contrast, respiratory depression did not occur until the endosinusal 
pressure was increased from 12 to 23 percent. From these data it was 
concluded (Schmidt, 1932") that the respiratory effects of alterations 
in cephalic blood pressure may be due either to reflexes or to alteration 
in cerebral blood flow or to both. Also, it was inferred that the influ- 
ence of cerebral blood flow may be as sensitive as the reflex effect and 
more powerful, although the sensitivity of the central effect is more 
variable. And finally, the sinus reflex influence is not essential to the 
regulation of breathing, except in the hyperpnea of anoxemia which 
appears to be mainly, if not entirely, reflex in origin. 

The Ghent school, however, attributes greater influence to the carotid 
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sinus as a regulator of respiration. For example, Bouckaert and Hey- 
mans (1933) find that occlusion of both vertebral arteries provokes an 
immediate and abrupt fall in cerebral blood pressure of from 80 to 40 
mm. of mercury. But in spite of this fall, the general blood pressure 
and respiration remain unaffected. Neither does the subsequent sudden 
release of the vertebral artery influence the vasomotor or respiratory 
function. In contrast, a decrease in the pressure within the isolated 
carotid sinus greatly affects the respiratory rate in spite of an actual 
increase in cerebral blood flow. Schmidt (1932") confirmed this obser- 
vation, but suggests that the drop in cerebral blood flow resulting from 
vertebral occlusion, which he calculates to be about 25 per cent, may be 
insufficient to produce a change in respiration. Bouckaert and Hey- 
mans indicate that if cerebral blood flow must drop more than 25 per cent 
before a change in respiration occurs, the cerebral blood flow mechanism 
cannot be of prime physiological significance. Furthermore according 
to their observations, hyperpnea provoked by hypotension in the caro- 
tid sinus zone persists in the face of an alkalosis actually brought about 
by the hyperpnea and, vice versa, apnea due to hypertension in the 
sinus zone persists in the face of hypercapnea of the blood perfused 
through the central respiratory mechanism. 

Thus it is probable that the aortic and sinus reflexes have a potentially 
significant regulatory function, but whether these reflexes are more or 
less important than the cerebral blood flow in this regard is uncertain. 
Definite conclusions concerning the relative importance of central ver- 
sus peripheral respiratory regulation cannot as yet be formulated. 

Let us turn from the less basic question of the relative preeminence 
of the two mechanisms and consider the more vital issue, i.e., the inter- 
play between the systemic arterial pressure, the diameter of the cerebral 
vessels and the volume and rate of respiration. 

With hyperventilation there is a slight fall in systemic arterial pres- 
sure and cerebral vasoconstriction. Also with spontaneous constric- 
tion of cerebral vessels there is augmentation of respiration followed by 
respiratory depression (Schmidt, 1928,™; Wolff and Lennox, 1930). 
With moderate increase in cerebral blood flow, induced by artificially 
raising the circulatory pressure, constriction of brain vessels often 
follows. Inversely, when the cerebral flow is decreased by lowering the 
perfusion pressure the cerebral vessels dilate. Also, the respiratory 
minute volume decreases as the carotid increases and vice versa, as the 
flow decreases the volume increases (by the thermoelectric method of 
Gesell and Bronk (1926) in the carotid and femoral arteries, Greeley 
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and Greeley, 1928). In other words, the respiration usually varies 
inversely with the cerebral blood flow. The effects are not dependent 
on the changes in pressure in the carotid sinus or the integrity of the 
vagus or depressor nerves (Schmidt, 1932"). 

In a physiological emergency as, for example, if the inspired air be 
rich in carbon dioxide and poor in oxygen, all possible mechanisms for 
the maintenance of adequate cerebral oxygen supply are thrown into 
action, i.e., the minute volume of the inspired air increases, the systemic 
arterial blood pressure becomes elevated and the brain vessels dilate (by 
skull window observations, Wolff and Lennox, 1930), and the cerebral 
blood flow increases (as determined by a thermocouple in the brain 
substance, Wolff and Cattell, 1935). 

The significance of blood pressure effects is observed when, for one 
reason or another, carbon dioxide fails to raise the blood pressure, 
although it causes dilatation of cerebral vessels. The usual augmented 
respiration may fail to occur and the reverse, i.e., apnea may result. 
It has consequently been inferred that, in the absence of the vasomotor 
response, the ability of the respiratory mechanism to react to stimuli 
such as carbon dioxide may be limited (Schmidt, 1928"). In addition, 
as has been suggested by Schmidt, the vasomotor responses, because of 
the rapidity of their effects, restore breathing to normal more satis- 
factorily than the cerebrovascular mechanisms. These blood pressure 
responses diminish respiratory irregularities. 

An increase in the carbon dioxide content of the respired gas induces 
prompt change in respiration before either the systemic arterial blood 
pressure or the size of the pial arteries is altered. However, as regards 
the relative effects of carbon dioxide increase and oxygen lack, there isa 
stricter parallelism in the behaviour of the cerebral vessels and respira- 
tion. Thus, just as the air containing an increased amount of carbon 
dioxide is a much more active stimulator of respiration than is air poor 
in oxygen (Haldane, 1927), so a small rise in carbon dioxide appreciably 
increases the diameter of cerebral vessels whereas a considerable fall in 
the amount of oxygen is necessary to obtain the same result. 

Cerebral circulation—vasomotor phenomena. The subject of cerebral 
vasomotor function and structure has been adequately reviewed 
(Hiirthle; 1927; Forbes and Wolff, 1928; Hassin, 1929; Stoehr, 1928; 
Penfield, 1932; Chorobski and Penfield, 1932; Clark, 1934). More 
recent data and correlations will be considered here. 

Intracranial blood vessels are supplied by both myelinated and un- 
































THE CEREBRAL CIRCULATION 559 


myelinated nerves and endings. But few ganglion cells are observed 
along the vessels of the central nervous system, although peripheral 
nerve fibers may be traced along the vessels of the medulla, pons, mesen- 
cephalon, diencephalon, cortex and the vessels of the pia and choroid 
plexus (Penfield, 1932; Clark, 1934). From histological studies no 
conclusion may be drawn as to the possible motor or sensory function 
of such nerves or endings. Physiological studies, however, indicate 
that in addition to efferent there are afferent fibers (Levine and Wolff, 
1932; Pickering, 1933; Clark, Hough and Wolff, 1935). 

Some vasoconstrictor nerve fibers pass to the cerebral vessels via the 
cervical sympathetic nerves. Also, some vasodilator nerves pass to the 
cerebral vessels from the medulla oblongata via the facial nerve and 
through the great superficial petrosal nerve. A direct tract of nerve 
fibers consisting of myelinated and unmyelinated nerves joins the facial 
and greater superficial petrosal nerves. Moreover, there is a tract of 
similar nerve fibers which connects the greater superficial petrosal 
nerve with the pericarotid plexus (Chorobski and Penfield, 1932). 

The effects of cervical sympathetic stimulation on the cerebral vascu- 
lature have been thoroughly explored by various methods, and in essence 
the results agree. Direct observations were made through skull win- 
dows in cats, anesthetized (Forbes and Wolff, 1928) and unanesthetized 
(Thomas, 1935) as well as in the isolated perfused head (Pool, Forbes 
and Nason, 1934). The average constriction resulting from such stimu- 
lation is about 8 to 10 per cent. Experiments carried out by means of 
blood flow determination methods such as a constant pressure perfusion 
pump (Finesinger and Putnam, 1933), a thermocouple on the internal 
carotid (Gollwitzer-Meier and Eckardt, 1935; Schneider and Schneider, 
1934), or a thermocouple in the substance of the brain (Schmidt and 
Pierson, 1934; Schmidt, 1934 and 1935; Wolff and Cattell, 1935) reveal 
that stimulation of the cervical sympathetic nerves causes decrease in 
cerebral blood flow and constriction of the pial and intrinsic blood vessels 
of thecerebrum. Asascertained by blood flow methods, using a thermo- 
couple in the brain substance (Schmidt, 1935), and a Rein thermostro- 
muhr on the internal carotid, common carotid and vertebral arteries, 
(Gollwitzer-Meier and Eckardt, 1935) the effects are said to be bilateral; 
by the skull window method, and by actual measurement of capillary 
filling in both cerebral hemispheres (Talbot, Wolff and Cobb, 1929) the 
effects are shown to be distinctly unilateral. Moreover, stimulation 
of the cervical sympathetic nerve causes constriction of the dural arter- 
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ies, averaging 34 percent. This contrasts with the average constriction 
of pial arteries which is 8 to 10 per cent, and the skin which is about 80 
per cent (Pool, Nason and Forbes, 1934). 

Vasomotor effects are not equally great in all parts of the neuraxis. 
The blood vessels in the medulla, for instance, are very little affected by 
stimulation of the cervical sympathetic. The arteries of the hypothala- 
mus are affected somewhat more, and those in the cortex appear to be 
most affected, although less than are those of the pia (Schmidt, 1934, 
1935). The latter in turn have less reaction than the vessels of the 
dura and skin (Pool, Nason and Forbes, 1934). Stimulation of the 
cervical sympathetic nerves commonly results in constriction of the 
arteries of the choroid (by direct observation, Putnam and Ask-Up- 
mark, 1934). 

The responses of the pial arteries to faradic stimulation in the thala- 
mus and hypothalamus were also observed through skull windows. 
Constriction of the pial arteries results from stimulation of a hypo- 
thalamic area between the cerebral peduncle and the third ventricle. 
On the other hand, dilatation of pial arteries results from stimulation in a 
circumscribed area in the ventral portion of the tuber cinereum as well 
as from a more diffuse area in the thalamus (Penfield and Stavraky, 
1935). 

Before discussing the effects of vagus stimulation, it would be well to 
consider another type of response, said to be reflex in origin, and result- 
ing from occlusion of the common carotid arteries in dogs (Rein, 1929-— 
30). It has been found that when one (the left) common carotid is 
occluded the systemic arterial blood pressure rises from 10 to 45 per 
cent, and the blood flow measured by a thermostromuhr on the opposite 
carotid (i.e., the right) increases 50 to 100 per cent. In the portion of 
the latter which is beyond the exit of the thyroid artery, the increase in 
blood flow is 80 to 100 per cent. It has been inferred that the increase 
in blood flow in the unobstructed carotid is not solely the result of the 
rise in systemic arterial pressure, but is largely the sequel to reflex vaso- 
dilatation in the vascular bed supplied by the common carotid. 

This phenomenon was further explored by the Schneiders (1934), who 
observed that occlusion of the common carotid increases the flow in the 


1 After completion of this review there arrived from Professor Bouckaert a 
personal communication of recent data on the effect of cervical sympathetic 
stimulation. It was observed that sympathetic stimulation, by increasing the 
resistance, raised the pressure in a perfusion system of the completely isolated 
brain vascular bed. From these observations constriction of the cerebral 
arteries was inferred. After adrenalin similar effects were observed. 
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opposite internal carotid artery, sometimes as much as 100 per cent. 
To ascertain the nature of this response the same experiment was per- 
formed on a dead animal. Only minimal increase in flow was produced 
in isolated perfusion experiments on the dead head, and it was concluded 
that the increase in flow in the live animal was reflexin nature. Accord- 
ing to the Schneiders, the reflex does not appear if the internal maxillary 
is tied off above the point where the middle meningeal comes off. They 
infer that in the region of the middle meningeal there is a receptor zone 
which is stimulated by a fall in pressure, and that from this zone there 
arise impulses which reflexly lead to increase in blood circulation in the 
brain vessels. 

Bouckaert and Heymans (1935), using Hiirthle’s method for recording 
changes of the peripheral resistance in the cephalic end of the internal 
carotid artery, repeated these experiments and likewise observed that 
clamping off the external carotid, internal maxillary and ophthalmic 
arteries resulted in increased flow in the ipsolateral internal carotid. 
Unlike the Schneiders, these investigators observed no increase in flow 
when the clamping was limited to the middle meningeal artery; they 
observed it only when the ophthalmic artery was clamped. They found 
also that it made but little difference whether the head was dead or 
alive, and concluded that in the dog the anastomosis of the internal and 
external carotid arteries through a branch of the ophthalmic artery is 
responsible for the increased flow in the internal carotid, and that no 
reflex vasomotor phenomenon is implicated. 

Further discussion of this important but uncertain matter will be 
waived, and the effects of vagus stimulation considered. The results of 
vagus stimulation are definite and predictable, although interpretation 
of their nature is more complicated than in the case of the cervical 
sympathetic effects (Forbes and Wolff, 1928; Cobb and Finesinger, 
1932; Ask-Upmark, 1935). With the skull window technique in cats 
and in monkeys there was observed during the period of vagus stimula- 
tion, and while the blood pressure was falling, an average increase of 
15 per cent in the diameter of the pial vessels in approximately three- 
quarters of allexperiments. The effects were bilateral. Similar results 
follow depressor nerve stimulation (Forbes, 1935). 

The facial nerve is the aforementioned efferent pathway for this cere- 
bral vasodilator effect (Cobb and Finesinger, 1932; Chorobski and Pen- 
field, 1932), since dilatation of pial arteries is quite regularly obtained 
on vagus stimulation when the facial nerve is intact, but never when the 
latter is cut near its exit from the medulla. 

The effects of vagus stimulation on cerebral blood flow depend largely, 
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however, on the concomitant effects on systemic blood pressure. With 
a constant blood pressure perfusion system, in monkeys and cats vagus 
stimulation causes a slight, but definite increase (8 per cent) in the 
volume of cerebral flow during the period of pial vasodilatation (combined 
perfusion and skull window technic, Finesinger and Putnam, 1933). 
Moreover, through thermostromuhr measurements on the internal 
carotid in animals with uncontrolled blood pressure, it has been ascer- 
tained that on vagus stimulation there is a relative increase in cerebral 
blood flow which occurs with the fall in arterial pressure. The increase 
is bilateral and, as mentioned above, most often not absolute but rela- 
tive; that is, the flow in the common and internal carotid arteries more 
quickly approaches the pre-stimulation level than does the level of 
systemic arterial pressure (Schneider and Schneider, 1934; Gollwitzer- 
Meier and Eckardt, 1935). Hence, in spite of the cerebral vasodilata- 
tion, the cerebral blood flow is seldom absolutely increased during 
vagus stimulation. In fact Schmidt, using a thermocouple in the brain 
substance (Gibbs, 1933; Schmidt, 1934; Schmidt and Pierson, 1934; 
Schmidt, 1935) observed after vagus stimulation no increased blood 
flow in the parenchyma of the medulla, hypothalamus or parietal cortex 
of the cat. Also, Wolff and Cattell (1935), employing a similar technic, 
observed on vagus stimulation that the cerebral blood flow in the parie- 
tal cortex slowed in about 80 per cent of their experiments. Moreover, 
no effect on the cerebral blood flow was observed when vagus stimula- 
tion had no effect on the blood pressure. But in an additional 12 per 
cent, after the initial fall in blood pressure on vagus stimulation with 
its corresponding decrease in cerebral blood flow, there was an increase 
in flow to a level higher than that prevailing before stimulation, not to 
be explained by a rise in blood pressure. Only in about 5 per cent of 
the experiments was there a slight absolute increase in cerebral blood 
flow during the fall of systemic arterial blood pressure. 

Thus, direct observation of the pial vessels reveals that in most in- 
stances when respiratory changes are controlled, the arteries dilate 
about 15 to 90 seconds after the onset of stimulation of the vagus and 
depressor nerves. However, an absolute increase of the cerebral blood 
flow does not follow this stimulation. In fact, if the fall in blood pres- 
sure is considerable, the cerebral blood flow is decreased but not in 
proportion to the fall in blood pressure. In experiments in which the 
blood pressure is prevented from falling by means of a pericardial blood 
pressure compensator, the brain blood flow may actually increase during 
the period of stimulation (Wolff and Cattell, 1935). 
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A reasonable formulation to be derived from these observations is that 
cerebral vasodilatation occurs on vagus and depressor nerve stimulation, 
but that it is not sufficient to increase or even to maintain a constant 
cerebral blood flow if at the same time there is an appreciable fall in 
systemic arterial blood pressure. 

It is important to consider whether the observed vasodilatation is 
the direct effect of vagus-depressor impulses on the vasodilator mecha- 
nisms via the brain-stem, or whether it is secondary to changes in the 
blood pressure. Especially to be recalled in this regard is the disputed 
formulation of the Schneiders, i.e., that a fall in blood pressure in the 
middle meningeal artery is the stimulus which dilates reflexly the 
branches of the internal carotid artery. 

There is no doubt that maximum dilator effects on vagus stimulation 
do usually accompany the great fallsin blood pressure. In fact, accord- 
ing to Forbes, when the major falls in blood pressure were prevented by 
clamping the abdominal aorta, dilatation occurred in somewhat less 
than a quarter of his experiments. However, several other satisfactory 
experiments (Finesinger and Putnam, 1933) indicated that the vagus- 
depressor nerve effects are not entirely the result of blood pressure 
changes. For instance, when the perfusion pressure was kept constant 
(Finesinger and Putnam, 1933) the cerebral vasodilatation on vagus 
stimulation still occurred. Moreover, experiments (Cobb and Fine- 
singer, 1932) demonstrated that after cutting the facial nerve which 
contains the cerebral vasodilator fibers, cerebral vasodilatation on vagus 
stimulation was not observed. That the fall in blood pressure, though 
frequent, is not essential for the effect is further demonstrated by the 
fact that 15 per cent of the vagus vasodilator effects were without a con- 
current fall in blood pressure (Forbes and Wolff, 1928). In more recent 
vagus experiments (Forbes, 1935) vasodilatation occurred in 7 of 15 in- 
stances in which there was no fallin blood pressure. These data indicate 
that the fall in blood pressure, though possibly a factor in the cerebral 
vasodilatation observed to follow vagus stimulation, is not solely 
responsible. 

It has also been demonstrated that the effects of vagus stimulation 
occur after resection of the carotid sinus and depressor nerves in the cat 
(Forbes, 1935). Hence, the effect of the stimulation of the vagus nerve 
is not dependent upon the presence of the other afferents. Also, re- 


section of the cervical sympathetic nerve does not alter the effect of 
vagus stimulation. 
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Furthermore, the cerebral vasodilatation that follows vagus-depressor 
nerve stimulation is not the result of changes in intrathoracic pressure 
or venous pressure (Finley and Forbes, 1933). And even though an 
increase in blood carbon dioxide may augment the effects of vagus 
stimulation, such effects occur also when the chest is opened and the 
animal is receiving artificial respiration (Forbes and Wolff, 1928; Forbes, 
1935). 

It would therefore seem justifiable to conclude that the cerebral vaso- 
dilatation that follows experimental vagus and depressor nerve stimula- 
tion is, at least in part, the direct result of afferent nerve impulses acting 
on cerebral vasodilator reflex mechanisms but that there is, in addi- 
tion, a series of factors operating together to augment this vasomotor 
effect. 

The effects of carotid sinus stimulation are less constant. Ask-Up- 
mark (1935), using skull window observations in cats, found on faradic 
stimulation of the sinus nerve and by increasing the endosinusal pres- 
sure that the blood pressure fell in all instances, and in about 27 per cent 
the pial vessels dilated with the fall in blood pressure ; narrowing occurred 
in the others. As was the case with vagus stimulation, Schneider and 
Schneider (1934) observed on carotid sinus stimulation a relative in- 
crease in blood flow in the internal carotid artery during the fall in blood 
pressure (i.e., a fall not as great as would be anticipated from the fall in 
general pressure). 

Bouckaert and Heymans (1933) approached the question of the effect 
of the carotid sinus on cerebral circulation in the opposite manner, that 
is, instead of stimulating the sinus nerves, they severed them. As a 
preliminary experiment, they measured the blood flow in the internal 
carotid and occipital arteries and in a femoral artery (dogs) by means 
of a thermo-electric stromuhr (Rein, 1929-30). The experiments 
showed that with carotid sinus pressure increase (165 mm. Hg) and 
consequent fall in systemic blood pressure (60 mm. Hg) the cerebral 
blood flow was reduced. And, vice versa, when the carotid sinus pres- 
sure was reduced (20 mm. Hg) and the systemic arterial pressure was 
elevated (180 mm. Hg) the cerebral blood flow was more than doubled. 

Then the aortic and carotid sinus nerves were cut, provoking a general 
arterial hypertension (180-200 mm. Hg). The systemic blood pressure 
was measured in the femoral artery. The leg blood vessel tonus was 
measured by putting a cannula in the peripheral end of the femoral ar- 
tery. Thecerebral vascular tonus was measured by connecting a mercury 
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manometer with the cephalic end of the internal carotid artery. Acetyl- 
choline (0.0001 mgm.) was then injected into the leg arterial blood 
stream. ‘This was followed by a prompt dilatation of the blood vessels 
of the leg. A larger dose (0.002 mgm.) was injected into the internal 
carotid artery toward the cerebral circulation. No relaxation of the 
cerebral vasculature was ever recorded. Similar experiments were 
performed with histamine and similar results were obtained. From 
these experiments it was inferred by Heymans and Bouckaert that the 
leg area during the arterial hypertension resulting from carotid sinus 
nerve denervation is constricted, whereas the brain vessels take no part 
in the vaso constriction, in fact are passively stretched, and therefore 
incapable of further dilation when acetylcholine or histamine are 
administered. 

No criticism may be raised against the formulation that the cerebral 
blood flow is dependent mainly upon the general arterial pressures but 
the experiments purporting to show that the cerebral blood vessels are 
passive are not convincing. Great elevations in systemic arterial blood 
pressure cause slight and even moderate increases in diameter of cerebral 
arteries when observed in a properly prepared skull window experiment. 
However, it is striking that such dilatation is far from maximal, is 
usually of short duration and is followed by constriction while the blood 
pressure remains at a constant high level, and never of the degree caused 
by histamine. If, however, there is even slight mechanical trauma, 
poor arterialization of the blood, ether, or other anesthesia in excess, 
cerebral vasodilatation may be so great that histamine causes no per- 
ceptible further response. One may not conclude from the experiments 
of Heymans and Bouckaert that cerebral arteries do not possess inde- 
pendent vasomotor properties. 

The purpose of vasomotor function. It is relevant to consider the 
biological significance of cerebral vasomotor phenomena. The sys- 
temic arterial blood pressure is the most important factor in determining 
the amount of blood flowing through the cerebrum (L. Hill, 1896). 
Pressor reflexes are exceedingly prompt and effective (Heymans, Bouck- 
aert and Regniers, 1933) in the extracranial regulation of blood pressure 
in favor of the brain. However, it must be emphasized that the brain 
is not entirely without intrinsic vasomotor mechanisms, nor is it unpro- 
tected against major alterations in blood pressure. The constrictor 
vasomotor apparatus of the brain probably acts primarily to keep the 
cerebral vessels in the proper state of constriction and to aid them in 
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regaining their normal caliber after vasodilatation.? Also, the vaso- 
constrictor apparatus acts as a fine adjustor, regulating blood flow within 
the head more precisely than the powerful hydrostatic (Bouckaert, 
1935, see footnote) or chemical forces (Forbes, Finley,and Nason, 1933). 
This function of fine adjustment rather than obliterative constriction 
would appear to be the chief purpose of cerebral vasoconstriction 
(Forbes, Finley and Nason, 1933). The degree of vasoconstriction may 
vary from place to place within the cerebrum. Indeed, there appears 
to be no purpose for obliterative vasoconstriction within the brain, and 
as a matter of fact, it has never been observed following sympathetic 
stimulation and probably cannot occur by this means. Actual deter- 
mination of the magnitude of the vasoconstriction response within the 
cranium indicates that it is far less than that observed in other parts of 
the body (skin, Pool, Nason and Forbes, 1934). 

Though there are mechanisms for protection against excessive cerebral 
blood flow, accessory devices for augmenting the flow when the systemic 
blood pressure happens to be lowered are far more important. If it be 
assumed that there are no such devices, a dilemma presents itself. For, 
if during such lowered pressure, the cerebral vessels passively narrowed, 
then their walls, in collapsing would further reduce the blood flow and 
allow even less blood to reached the brain tissue. On the other hand, 
with active dilatation, a fall in blood pressure resulting from a depressor 
reflex, for example, would be associated with relaxation of cerebral 
arteries and arterioles and such widening would reduce the peripheral 
resistance and aid in maintaining adequate cerebral blood flow. 





2 In the personal communication of Bouckaert previously mentioned are cited 
experiments which dramatically demonstrate the effect of raising the blood 
pressure with the vessels in a state of active cerebral constriction, as compared 
to similar elevations when no particular cerebral vasoconstrictor influence is 
being exerted. Thus, in one experiment a hypertension of a given degree pro- 
duced only a third as much increase in brain volume if the cerebral vessels had 
been previously constricted in epinephrine (Bouckaert and Jourdan, 1935). 

As a matter of fact, the most recent experiments of Bouckaert and Jourdan 
(1936), according to these authors, demonstrate these properties. Dogs, in order 
to eliminate systemic hydrostatic effects, were sympathectomized, leaving only 
the sympathetic supply to the head intact. Thus, practically all reflex pressor 
responses to carotid sinus stimulation either endosinusal or electrical, were 
abolished. With carotid artery hypotension there were changes in cerebral 
volume and venous pressure which were interpreted as resulting from a slight 
cerebral vasoconstriction. Inversely, electrical stimulation of the carotid sinus 
nerve was followed by a slight cerebral vasodilatation. 
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That there is in fact a mechanism for active cerebral vasodilatation 
has been demonstrated. For, whether the receptor zone be on the 
aorta, the bifurcation of the common carotid, or elsewhere, stimulation 
of depressor afferents, which lowers the blood pressure, dilates the cere- 
bral arterioles. 

The aortic and carotid afferents, by preventing excessive blood pres- 
sure, conserve cardiac energy. Through those nerves arterial hyper- 
tension produces peripheral vasodilatation while hypotension produces 
peripheral vasoconstriction. Now, it is regularly observed that the 
pial vasodilatation on stimulation of these afferents starts. late,—begin- 
ning 15 to 90 seconds after onset of stimulation and usually when the 
systemic depressor effect has begun, or the fall in blood pressure is well 
under way. However, the delay in onset of the dilator effect should not 
be taken too seriously, because the time of onset of dilatation represents 
merely the time when dilatation first becomes apparent in the vessels 
under direct inspection. Since the blood pressure on central vagus 
stimulation usually begins to fall almost at once, the cerebral arteries at 
first would tend to collapse passively. In fact, in some instances, there 
is, at first, an actual narrowing which is later followed by dilatation. It 
is therefore quite likely that the cerebral dilatation occurs simultane- 
ously with, or only slightly after, the general vasodilatation. If there 
be assumed a common mechanism for brain and other vascular beds, it 
is conceivable that blood vessels of the brain would dilate at the same 
time as, or shortly after, the major dilator beds of the body have amply 
responded. Premature cerebral vasodilatation would be physiologically 
undesirable because of the excessive cerebral blood flow that would fol- 
low, but later dilatation when the blood pressure is descending would 
advantageously serve the brain while the heart is being spared. 

Cerebral vasodilatation may, possibly, also occur with increased 
cerebral function but as yet there is no demonstration that such vasodi- 
latation is neurogenic. ‘Though delicate neurogenic regulation is con- 
ceivable, it is not essential to explain in this fashion such vasodilatation 
as might accompany augmented function. Carbon dioxide, even in the 
minute quantities that might accumulate during increased neurone 
action, is a prompt and effective cerebral vasodilator acting directly on 
the walls of the minute blood vessels and not necessarily through the 
intermediation of vasodilator nerves. The vasodilatation of cerebral 
anemia, asphyxia, and increased intracranial pressure, in all likelihood, 
are also brought about by carbon dioxide. 
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Hence, apparently the prime function of neurogenic cerebral vasodila- 
tation is that of compensation, reducing the peripheral resistance of the 
cerebral vascular tree during periods of depressor reflex action. 

Cerebral anemia, asphyxia and increased intracranial pressure. The 
effects of sudden and presumably complete cerebral anemia have been 
adequately reviewed (Hill, 1896; de Buck and de Moor, 1901; Pike, 
Guthrie and Stewart, 1908; Gildea and Cobb, 1930). It is difficult to 
draw inferences from the experimental data because it is not always 
certain that the cerebral anemia is complete and also because histologi- 
cal methods are not adequate to separate slightly abnormal neurones 
from those that are normal. 

Cerebral anemia of twenty seconds obliterates the usual action poten- 
tials in the cat’s cortex (Simpson and Derbyshire, 1934) and anemia of 
2 to 15 minutes in most instances causes irreparable changes in the 
cerebral cortex and medulla. Using histopathological criteria on ani- 
mals kept alive some time after the period of anemia (Gomez and Pike, 
1909) it is seen that the small pyramidal cells of the cerebral cortex are 
most susceptible to anemia, 8 minutes of occlusion being sufficient to 
injure many seriously. The Purkinje cells are next in order of sensitive- 
ness with definite chromatolysis perceptible after 13 minutes of anemia. 
The retina and the medulla are about equally sensitive to anemia and 
only slightly less so than the cerebellum. The cells of the spinal ganglia 
are least susceptible, showing no change after 30 minutes of anemia. 
The neuroglia cells are also unaffected. 

In an analogous way, comparison of the relative susceptibility of hind 
brain functions reveals that reflex effects such as that of swallowing or 
from stimulation of the cornea are less resistant to anemia than cardiac, 
respiratory, or vasomotor effects (Pike, Guthrie and Stewart, 1908). 
Thus, the pupillary and palpebral reflexes have been revived after com- 
plete arrest of 15 to 20 minutes of the circulation in the isolated perfused 
head of the dog; whereas the respiratory and vasomotor functions have 
been revived after complete circulatory arrest of 30 minutes (Heymans 
and Bouckaert, 1935). 

The usual sequelae of sudden cerebral anemia produced by increasing 
the intracranial pressure or by occluding the main arterial pathways to 
the brain are: loss of consciousness, general muscular spasm, respiratory 
spasm, slow heart, a rise in blood pressure followed by a fall, acceleration 
of the heart and death. Acceleration of the heart may precede the 
initial slowing (McDowall, 1933). Respiratory paralysis usually pre- 
cedes and causes vasomotor paralysis although the reverse may also 
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occur. Respiration may at first increase in rate, but soon becomes irreg- 
ular and stops in 30 seconds or 2 minutes (Pike, Guthrie and Stewart, 
1908). Convulsions may occur during or after the occlusion (Gildea 
and Cobb, 1930). It is the interference with cerebral blood flow, not 
mechanical pressure, that is responsible for these effects (Hill, 1896). If, 
in dogs, both common and vertebral arteries are simultaneously ligated, 
about 40 per cent of the animals die within 24 hours; but in the others, 
collaterals develop between the muscle branches of the vertebral arteries 
and the other arteries of the cervical and upper intercostal muscles 
(Andreyev, 1935’). 

Furthermore, those dogs which survive such a simultaneous ligation 
of both common and vertebral arteries, usually suffer a temporary or 
permanent functional disturbance in their higher nervous activity, 
observations in keeping with the aforementioned histopathological 
studies. During the first 10 to 12 days after the operation conditioned 
responses are absent. When restored, at first the ability to make even 
the grossest discriminations is defective. Later, in some, there is im- 
provement, but the ability to make fine discriminations and long delayed 
responses is slow to re-establish itself, or may even be permanently lost 
(Andreyev, 1935”). 

When the anemia is slow in onset, respiratory disturbances may be 
absent. In the initial phase blood pressure is moderately high and the 
heart beat is slow and forceful. Respiration is deep, slow and labored. 
During the period of recovery, after anemia and compression, Traube- 
Hering blood pressure waves and Cheyne-Stokes respiration are com- 
mon. Subsequently, if the anemia continues, the heart accelerates, 
respiration becomes periodic, with gasps occurring at long intervals and 
finally the blood pressure falls to zero. 

Nearly all dogs will survive the ligation of most arteries supplying the 
brain if the ligations are performed gradually, at intervals of from 10 to 
14 days (Andreyev, 1935"). The development of collateral passages 
begins immediately and is completed in approximately 4 to 6 weeks, 
although enlargement of the anastomoses may continue for a year or 
more. 

Direct observation of pial arteries reveals that when both common 
carotid arteries are simultaneously occluded, the flow in the pial arteries 
promptly slows, though at the same time the arteries increase in diame- 
ter (Wolff). The systemic arterial pressure falls to about half its 
original height (Wolff; Anrep and Starling, 1925). If within half a 
minute or before the collateral flow is fully established, the common 
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carotids are released, the pial arteries dilate still further as the circula- 
tion speeds up. Dilatation is often so extreme that diapedesis occurs 
(by skull window observations, Wolff). 

Similar effects are also observed when cerebral anemia is produced by 
distending the lungs with air and thus raising the intrathoracic pressure 
by 10 to 15 mm. Hg. Stimulation of the common carotids (sinus, 
nerves, etc.) through operative procedures is avoided by this means. 
The circulation in the pial vessels slows and the arteries, after brief and 
slight narrowing, dilate. The systemic arterial pressure falls sharply 
as the intrathoracic and intracranial venous pressures mount. When 
the intrathoracic pressure is permitted to return to normal the pial 
artery diameter becomes still greater (by skull window observations, 
Wolff and Lennox, 1928). 

The effects of cerebral anemia or asphyxia resulting from cerebral 
compression have been studied intensively (Cushing, 1901, 1902, 1902; 
Eyster, Burrows and Essick, 1909; Wolff and Forbes, 1928). If the 
intracranial pressure is raised gradually to the level of the systemic blood 
pressure, the latter rises sufficiently to exceed the intracranial pressure. 
Under these circumstances respiration does not change appreciably. 
If, on the other hand, the intracranial pressure is raised suddenly to the 
level of the systemic blood pressure, respiration may stop abruptly. 
The systemic arterial blood pressure then rises steadily, and when it 
exceeds the pressure of the spinal fluid, respiration begins again. 
Though rapid, the blood pressure response after cerebral anemia is 
possibly less prompt than that resulting from the carotid sinus reflexes 
(Bouckaert and Heymans, 1933). If the intracranial pressure is raised 
to a level less than the arterial blood pressure (even though as high as 
750 mm. H,Q) there is little or no effect on blood pressure, pulse rate, 
or respiration (Cushing, 1901, 1902, 1902; Eyster, Burrows and Essick, 
1909; Wolff and Forbes, 1928). However, when the intracranial pres- 
sure is raised to the level of the systemic arterial pressure, there is a 
prompt blood pressure elevation which is soon followed by a fall. The 
fallisin turn followed by a rise of the blood pressure to a level above that 
of the imposed intracranial pressure. Thus, two conflicting forces are 
set in action by the raised intracranial pressure, namely, peripheral 
vasoconstriction and a decrease in pulse rate. The decrease in pulse 
rate at first dominates, as shown by the fall that follows the preliminary 
rise in blood pressure. The observation that the fall in blood pressure 
is not as great as would ordinarily occur with a correspondingly slow 
pulse indicates the effect of vasoconstriction (Eyster, Burrows and Es- 
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sick, 1909). If the intracranial pressure is raised still further, this series 
of events repeats itself, and soon the blood pressure assumes a new and 
higher level, just above the artificially raised intracranial pressure. By 
this means systemic arterial pressure of 230 mm. Hg or more may be 
attained. When the intracranial pressure is subsequently lowered to 
the usual level there is a rapid fall in blood pressure and rise in pulse 
rate to the pre-existing level (Eyster, Burrows and Essick, 1909). 

It was demonstrated by an injection method that the cerebral anemia 
resulting from increasing the intracranial pressure to a level above the 
blood pressure is a complete anemia, involving both superficial and deep 
blood vessels of the brain. If the intracranial pressure is not raised 
above the systemic arterial blood pressure, the “Circle of Willis’ and 
some of the larger arterial connections at the base of the brain still con- 
tain blood. If the intracranial pressure is raised only slightly, the blood 
vessels at the site of pressure increase are emptied, although the re- 
mainder of the brain is seemingly normally supplied (Eyster, Burrows 
and Essick, 1909). 

The intracranial circulation time (time for radium emanation to travel 
from the internal carotid artery to the internal jugular vein, Wolff and 
Blumgart, 1929) is about three seconds when the intracranial pressure 
and systemic arterial blood pressure are at the usual level. The velocity 
of flow is fundamentally related to the systemic blood pressure. When 
the systemic arterial blood pressure is elevated, the speed of flow of the 
blood through the brain is increased ; when the systemic arterial pressure 
is lowered, the speed of flow is decreased, assuming always that the 
intracranial arterio-venous pressure difference remains constant. Fac- 
tors that decrease this difference slow the flow; those that increase it 
increase its speed (Wolff and Blumgart, 1929). 

An increase in intracranial pressure at first materially decreases the 
velocity and is accompanied by a cerebro-vascular dilatation (Wolff and 
Blumgart, 1929; Wolff and Forbes, 1928). Thisis followed by a gradual 
increase in velocity as the systemic arterial blood pressure once more 
mounts. It has been observed that when, through increasing the intra- 
cranial pressure, the arterio-venous pressure difference within the cra- 
nium is reduced to approximately one-half the normal, with a corre- 
sponding decrease in the velocity of blood flow, the systemic blood 
pressure rises, and the arterio-venous pressure difference, as well as the 
velocity of intracranial blood flow, approach their original levels. It 
has been postulated (Wolff and Forbes, 1928) that this initial cerebro- 
vascular dilatation is a factor in augmenting the volume of intracranial 








572 H. G. WOLFF 


blood flow during the period of increase in intracranial pressure and 
before any change in systemic arterial pressure occurs. Whether or not 
this be so, it is apparent that when the arterio-venous pressure difference 
becomes sufficiently low, the systemic blood pressure promptly rises. 
If then, the intracranial pressure is raised to a still greater height, the 
circulation time within the brain again becomes greatly prolonged. 
Under conditions of very high intracranial pressure the pial vessels may 
actually be compressed and emptied of their contents and, unless the 
arterial blood pressure is once more able to rise above the intracranial 
venous pressure, the circulation fails and the animal dies (Wolff and 
Blumgart, 1929). Sudden release of intracranial pressure, which has 
been high enough to cause cerebral anemia, is followed by prompt dilata- 
tion of pial vessels (Cushing, 1901; Wolff and Forbes, 1928) which 
suggests the reactive hyperemia that has been observed in other tissues 
under asphyxial conditions (Lewis and Grant, 1925). 

Vagus (Cushing 1901) or carotid sinus reflexes (Guernsey, Weisman 
and Scott, 1933) are in no way essential to the pressor response to in- 
creased intracranial pressure since, in the absence of sinus and depressor 
nerves, the blood pressure is greater, if anything, than the corresponding 
effect before the nerves are resected. Similarly, the slow pulse of in- 
creased intracranial pressure is not dependent on the presence of the 
carotid sinus nerves (Heymans, Bouckaert and Regniers, 1933). 

Cerebral circulation and carbon dioxide. Circulatory adjustments 
following an increase in the carbon dioxide content of the body occur in 
favor of the head (by thermocouple in the common carotid and femoral 
arteries, Bronk and Gesell, 1927). Carbon dioxide is the most impor- 
tant humoral regulator of the cerebral blood flow and certainly the most 
significant physiological influence upon cerebral artery diameter. An 
increase in the carbon dioxide content of the arterial blood causes an 
increase of more than 40 per cent in the cerebral blood flow [as deter- 
mined by cerebral A-V gas difference, (Lennox and Gibbs, 1932, and 
Irving and Welch, 1935) ; as determined by a thermocouple in the internal 
jugular vein in man (Gibbs, Gibbs and Lennox, 1935).] Cerebral 
vasodilatation of a corresponding magnitude occurs (Wolff and Lennox, 
1930). On the other hand, a decrease in the carbon dioxide results in a 
decrease in the cerebral blood flow and a moderate decrease in diameter 
of the pial arteries. 

The effects of oxygen are less dramatic. An increase in the oxygen 
content of the blood causes a slight decrease in cerebral flow and a corre- 
sponding decrease in diameter of the arteries. With oxygen lack the 
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threshold of sensitivity is usually higher and, though there is vasodilata- 
tion and increase in flow, it is never of a degree corresponding to that 
brought about by carbon dioxide. Thus, a well marked anoxemia 
causes moderate dilatation and an increase in cerebral blood flow. 
When the degree of oxygen lack is not great, slight decrease in the car- 
bon dioxide tension of the blood may over-shadow the dilatation and 
blood flow effects of the low oxygen. But if the anoxemia is consider- 
able, then its dilator effect may neutralize the constricting effect of low 
carbon dioxide. By the same token, anoxemia augments the dilator 
effect and blood flow effect of increased carbon dioxide, and increased 
oxygen augments the constrictor and blood flow effects of decreased 
carbon dioxide. A variation in ratio of the carbonic acid to the bicar- 
bonate of the blood resulting in a relative acidosis causes dilatation and 
increased flow; the opposite, i.e., a relative alkalosis, causes constriction 
and decreased flow (Wolff and Lennox, 1930; Lennox and Gibbs, 1932; 
Gibbs, Gibbs and Lennox, 1935). Actual pH changes were, however, 
uncertain in their effects (using a thermocouple in the brain substance, 
Schmidt and Pierson, 1934). 

The cerebral blood flow and cerebral artery diameter are altered by 
changes in blood carbon dioxide amounting to less than one volume 
per cent (Schmidt and Pierson, 1934). In other words, the threshold 
of sensitivity of the brain vessels is very low, vasodilatation occurring 
at a level only slightly above that necessary for respiratory effects and 
probably less than that necessary for systemic vasomotor effects. 

Increase in the diameter of pial arteries and cerebral blood flow with 
increase of carbon dioxide, although augmented by elevations in blood 
pressure, are not dependent upon these hydrostatic effects. If the blood 
pressure is kept constant with a blood pressure compensator, or the 
systemic arterial pressure is lowered to a level actually less by 15 mm. 
Hg than that preceding the inhalation of carbon dioxide, cerebral flow 
is nevertheless augmented (using a thermocouple in the brain substance, 
Wolff and Cattell, 1935). 

In brief, all cerebral vessels, whether medullary, diencephalic or corti- 
cal, respond by dilatation to increase in the arterial carbon dioxide. In 
their reactions to carbon dioxide the cerebral vessels are sensitive, as 
well as prompt, and the magnitude of their response is great. 

The striking effects of carbon dioxide on the cerebral blood vessels 
are illustrated by the comparative study of the action of carbon dioxide 
on the vasculature of the leg and of the cerebrum. Thus, decreased 
ventilation leading to the accumulation of carbon dioxide in the blood 
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and tissues increases the carotid flow of blood and decreases the femoral 
flow. The flow through the brain is accelerated in some instances to 
more than four times the normal rate, whereas the flow through the leg 
is diminished but not to the same degree of change as in the brain (by 
comparison of cerebral A-V oxygen difference with that of the leg, Irving 
and Welch, 1935). In contrast, increased ventilation produces the 
opposite effects, and none of the changes described are dependent on 
changes in blood pressure. The augmentation is greatest in the internal 
carotid, next greatest in the common carotid and absent in the external 
carotid. These experiments performed on dogs under conditions of 
artificial respiration demonstrate the reciprocal relation between the 
carotid and femoral blood flow and the fact, as mentioned above, 
that circulatory adjustments following an increase in carbon dioxide 
favor the brain (Bronk and Gesell, 1927). 

The above observations are supported by measurements made of the 
speed of blood flow through the brain and leg of man, by ascertaining the 
difference in the oxygen content of blood entering and leaving the brain 
and leg. The degree of circulatory response to changes in blood oxygen 
and carbon dioxide is greater in the brain than in the leg. Also, blood 
flow from time to time, and from subject to subject, is more constant in 
the cerebrum (Lennox and Gibbs, 1932). Also, as in the above, the 
effects on the circulation of the leg resulting from altering the carbon 
dioxide content of the blood are opposite to those of the brain. Witha 
normal or excessive arterial oxygen tension, an increased carbon dioxide 
tension is associated with a decrease in blood flow in the leg. This 
differential action is apparent only with increased carbon dioxide, and 
normal or increased oxygen. In fact, with anoxemia, uncertain and 
parallel effects are often observed. For example, with profound arterial 
anoxemia, the carbon dioxide tension remaining unchanged, there is 
markedly increased blood flow in the leg as in the brain. If there be 
low carbon dioxide with the anoxemia, both brain and leg flow may 
actually decrease together (by cerebral A-V gas difference Lennox and 
Gibbs, 1932). The device of a circulatory adjustment physiologically 
opposite in brain and skeletal muscle is a considerable asset, since such a 
mechanism permits of an increase in cerebral flow without a change in 
the systemic arterial pressure. 

The réle of carbon dioxide in giving dominance to the cerebral circu- 
lation is further suggested by the effects of rebreathing on the circula- 
tion within skeletal muscle (by a thermocouple on the femoral artery, 
Rein, 1931). In an evaluation of factors that control muscle blood flow, 
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the action of carbon dioxide on the cerebrum stands in the first rank of 
importance. ‘The vasoconstriction within muscle that results from re- 
breathing takes precedence over all other phenomena. Even the in- 
crease in blood supply due to work is overcome. After denervation of 
the leg this vasoconstrictor effect is absent. Close in importance, how- 
ever, stands the aforementioned vasodilatation associated with increased 
work, the result of the action of the so-called nutrition regulation mecha- 
nisms which dominate all other factors. The vasomotor phenomena 
concerned with temperature regulation are in the same category. In 
the third rank stand vasoconstrictor effects released through the carotid 
sinus reflexes. In animals doing work, sinus pressor reflexes have no 
effect in decreasing the augmented blood supply of the muscles, whereas 
carbon dioxide, as mentioned above, not only promptly decreases the 
blood supply of the muscle but actually reduces the work done (Rein, 
1931). 

In brief, the dominance of carbon dioxide effects in the innervated 
muscle contrasts sharply with the effect of carbon dioxide on the intra- 
cranial vessels. Carbon dioxide causes the cerebral vessels to dilate in 
the face of the action of any or all constrictor actions, whereas in properly 
innervated muscles carbon dioxide causes constriction in the face of 
most opposing physiological dilator forces. 

This subject cannot be dismissed without calling attention to the fact 
that the re-breathing experiments of Rein are special in a sense, since 
the amount of carbon dioxide reaching the cerebral vasomotor apparatus 
is relatively greater than would usually occur when the carbon dioxide 
is fed into the blood stream from exercising muscle. Commonly carbon 
dioxide accumulates first in the exercising muscle and then gradually, 
as the local carbon dioxide mounts, more and more is fed into the blood 
stream. Seldom, if ever, therefore, would the central carbon dioxide 
constrictor effect dominate the local dilator effect of carbon dioxide in 
muscle. However, for purposes of demonstration the special circum- 
stances are allowable. ? 

How carbon dioxide increases the cerebral flow and the diameter of 
the cerebral vessels is of basic interest. The vasomotor responses are 
the result of direct hindbrain as well as carotid sinus activity (McDowall, 
1935; Heymans, Bouckaert and Regniers, 1933). By sacrificing loéal 
needs through constriction of their extensive vascular beds, muscle, 
mesentery and kidney increase the cerebral flow during increase of car- 
bon dioxide (Ganter, 1926) or cerebral asphyxia (Zuntz, 1878; Rein, 
1931; Cushing, 1901; Eyster, Burrows and Essick, 1909). This reduc- 
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tion in the total vascular bed may, by relatively augmenting blood 
volume, increase the pressure, or by merely shifting volume, leave blood 
pressure unaltered. Increasing the cardiac output may be a further 
factor in raising blood pressure (Grollman, 1930). 

But, quite apart from these cardiovascular effects, an increase in car- 
bon dioxide content of the inspired air increases the cerebral blood flow 
through the aforementioned cerebral vasodilatation. Such increase in 
flow, as determined by a thermocouple in the parietal cortex, persists in 
decerebrate animals, in animals with spinal transection, in animals in 
which the sixth, seventh and eighth cranial nerves have been transected 
bilaterally, and after the removal of the carotid sinus and vagus nerves 
and the cervical sympathetic ganglia (Wolff and Cattell, 1935). 

These operations could be expected to break most reflex pathways to 
the cerebral vessels. Efferent vasodilator impulses (Cobb and Fine- 
singer, 1932; Chorobski and Penfield, 1932) traverse the seventh cranial 
nerve. A small branch, containing most of the vasodilator fibers, leaves 
the base of the brain and spreads itself upon the surface of the cerebral 
arteries near the entrance of the internal carotid artery. Hence, when 
the seventh cranial nerves which supply the parietal cortex with vaso- 
dilator nerves are transected in the hindbrain, and when the brain-stem 
and its pial arteries are transected at the colliculi, and when the cervical 
sympathetic ganglia are removed, vasomotor nerve connections of this 
portion of the cerebrum with the hindbrain are severed, preventing the 
passage of the vasomotor nerve impulses to the corresponding cerebral 
vessels. Yet when carbon dioxide is administered to the animal under 
these conditions the brain vessels dilate as before (Wolff and Cattell, 
1935). 

Moreover, with cervical sympathetic pathways intact, or even stimu- 
lated electrically, carbon dioxide inhalation produces only vasodilata- 
tion. Hence, the effect of any conceivable vasoconstrictor impulse 
which reaches the cerebral vasculature is totally annulled by the over- 
whelming humoral action of the carbon dioxide. Also, vagus and sym- 
pathetic stimulation have no effect on the diameter of brain vessels 
already responding to carbon dioxide (Wolff; Hertzman and Franke, 
1935). 

The possibility of local vasodilator reflexes of the Lovén or axone re- 
flex variety still remains (Bayliss, 1923; McDowall, 1935). There is, 
however, no evidence that carbon dioxide can evoke such reflexes in 
cerebral, or indeed in any other vessels. Moreover, the fact that iso- 
lated strips of carotid artery dilate when carbon dioxide is bubbled 
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through Ringer solution in which such strips are suspended (Cow, 1911) 
indicates that the vasodilator response to carbon dioxide, in all probabil- 
ity, is not dependent on local reflex effects. 

In brief, the cerebral vasodilatation that follows carbon dioxide ad- 
ministration is not dependent on hydrostatic or nervous phenomena. 
All evidence indicates that the dilatation may result from direct action 
of carbon dioxide on the walls of cerebral blood vessels. 

Brain vascularity and metabolism. Considerations of brain metab- 
olism are a digression from the main topic of cerebral circulation, but 
since the whole problem has its roots in, and is defined by the brain 
needs, no discussion of brain vascularity is adequate without a state- 
ment of these needs. 

In contrast with earlier concepts, it is now appreciated that the oxy- 
gen consumption of the brain is high, and in fact, is estimated to be 
about 10 per cent of the total oxygen utilized by the body (dogs, by 
cerebral A-V gas difference, Himwich and Nahum, 1932). The magni- 
tude of the oxygen utilization of the ganglion cell may be appreciated 
when it is realized that the brain represents about 2 per cent of the body 
weight (man), and as estimated from their volume, only about 1 per 
cent of the total weight of the cerebrum consists of nerve cells (G. H. 
Parker, 1922). 

Values for the oxygen consumption of the brain, with the ‘‘in vitro”’ 
method, expressed in emm./mgm./hour, i.e., Qo,,? are as follows: for 
minced brain or suspension of brain (wet) in Ringer phosphate buffer 
solution, 


Cat cortex 
Human cortex 
Ox cortex 
Sheep cortex 


0.21 (Shorr, 1935) 

0.23 (Wortis, 1935) 

0.30 (Dixon and Elliott, 1929) 
0.69 (Dixon and Elliott, 1929) 
Rabbit whole brain 0.70 (Dixon and Elliott, 1929) 
Mouse whole brain 1.6+ (Holmes, 1930) 

Rat whole brain = 1.2 (Dickens and Simer, 1930) 


for slices in Ringer phosphate buffer solution, 


Rat brain = 1.60 (Loebel, 1925) 
Rabbit cortex 1.20 (Holmes, 1930) 
Rabbit white matter 0.30 (Holmes, 1930) 





3 All figures are for Qo, wet. Values reported for QO dry are here converted 
to Qo, wet values by dividing by the factor 5, as obtained from figures for the 
water content of the brain (Donaldson, 1916). 
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The values for sliced or minced cortex in glucose are generally higher, 


Rat cortex, sliced = 2.9 (Loebel, 1925) 
Rat brain, sliced = 2.3 (Loebel, 1925) 
Rat cortex, sliced = 2.2 (Warburg, 1927) 


Rat cortex, suspension = 2.4 (Dickens and Simer, 1930) 


Rat retina has about the same Qo, (glucose) as cortex, according to 
Dickens and Simer, namely 2.24, whereas Warburg gives 6.14 (Warburg, 
Posener and Wegelein, 1925); peripheral nerve and white matter have 
about the same value, 0.28 (in Ringer phosphate solution) (Holmes 
and Gerard, 1929). 

Higher values of oxygen consumption have been derived by the “‘in 
vivo” method. Thus, in dogs, 


Qo, (emm./mgm./hour): 


7.80 (13 ce./100 gms./minute) (Alexander and Czerna, by measurement of 
cerebral venous outflow, 1913, corrected by Himwich and Nahum, 
. 1932) 


8.40 (14 cc./100 gms./minute) (Himwich and Nahum, 1932) 
5.7-6 (9.5-10 cc./100 gms./minute) (Winterstein, 1929, quoting Gayda, 
1914, who used a Ludwig stromuhr in the internal carotid artery) 


Unfortunately, the amount of blood going to the brain still remains 

an uncertain quantity, and therefore these “in vivo” values for brain 
oxygen consumption at best are gross approximations. They are based 
on the values derived by Jensen (1904), and others who essentially 
followed his technic. The inferences drawn from Jensen’s observations 
are invalid for two reasons: first, because the free anastomoses between 
the intra- and extracranial circulation make it impossible to determine 
just how much of the blood from the internal carotid supplies the brain 
alone; and secondly, because the amount of brain tissue supplied by the 
internal carotid is variable, and depends upon the amount of blood enter- 
ing the “Circle of Willis” through its other main sources (Kramer, 1912). 
Also, the rate and pressure of injection, under the highly artificial cir- 
cumstances of Jensen’s experiments, add more variables and complica- 
tions. His calculations, therefore, on that portion of the brain supplied 
by the internal carotid are worthless. 

One is confronted, then, with the large discrepancy between these 
“in vivo” values for brain oxygen consumption and those obtained from 
‘in vitro” experiments. The “in vitro’ oxygen consumption of cortex, 
which is at least twice that of white matter, is only 1/7th or 1/10th that 
of the “in vivo” values for brain. Since in certain tissues, such as 
skeletal muscle, for example, the oxygen consumption values by the 
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‘fn vivo” and “‘in vitro”’ methods essentially agree, (Richardson, Shorr 
and Loebel, 1930) two possible explanations for the discrepancy in the 
figures for brain metabolism present themselves. Either the “in vivo’’ 
values are not even approximately correct, or the metabolism of brain 
tissue is more seriously altered by the slicing and mincing, and by the 
anoxemia and temperature changes incurred during preparation, than 
are tissues such as skeletal muscle. No definite conclusions at this time 
are justified. 

Despite this discrepancy, a comparison of “‘in vitro’”’ values for the 
relative oxygen consumption of different parts of the nervous system in 
any given animal derived by a single worker, is useful. Also, it is of 
interest that, according to some data (Dixon and Elliot, 1929) the 
oxygen utilization of ox cortex (Qo, 0.30) is not unlike that of its liver, 
(Qo, 0.31 — 0.46) and kidney (Qo, 0.32). Higher values for the kidney 
than for the brain cortex have, however, been reported (Warburg, 1927). 

The respiratory quotients as derived by the ‘‘in vivo” and “‘in vitro”’ 
methods agree, and approximate unity (Loebel, rats 0.86; Irving and 
Welch, dogs 0.95; Dickens and Simer, rats 0.99; Himwich and Nahum, 
dogs 1.0; Lennox, 1931, humans 0.95). 

It may be inferred from the high R.Q. that carbohydrate is involved in 
brain metabolism. Studies on humans (Myerson and Halloran, 1931; 
Lennox, 1931) show that the blood on passing through the brain loses 
some of its carbohydrate. As a matter of fact, the difference in glucose 
content in arterial and cerebral venous blood is greater than that be- 
tween arterial and muscle venous blood. For example, there is a differ- 
ence of 9 mgm. per 100 cc. (Lennox) for arterial and cerebral venous 
blood as compared with 5 mgm. for blood leaving the arm, and 4 mgm. 
for blood leaving the leg. Moreover, experimental data suggest that 
the increased Qo, of hyperthyroid brain is associated with carbohydrate 
oxidation (Cohen, 1935). 

The fact that the addition of glucose to the substrate increases the 
oxygen consumption of nerve tissue “in vitro’ further supports the 
suggestion that nerve tissue metabolism involves carbohydrate. The 
increase is probably dependent upon the conversion of glucose to lactic 
acid, since there is no increase in oxygen consumption if this conversion 
is prevented by fluoride (Holmes, 1930). The brain is apparently 
dependent on blood sugar for lactic acid precursor, rather than any 
substance it stores, since under aerobic conditions lactic acid rapidly 
disappears from chopped brain, whereas the glycogen content does not 
change (Holmes and Holmes, 1926). 

Pitted against this view concerning the method of utilization of glu- 
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cose, is the observation that the R.Q. of the brain remains unity after 
pancreatectomy in dogs (Himwich and Nahum, 1932). If one assume 
that in complete diabetes no glucose is oxidized, the high R.Q. may 
represent some other metabolic process. It is possible, however, that 
the brain can oxidize glucose without insulin. In short, it is likely that 
glucose is utilized by the cerebrum, though uncertain is the mode or 
extent of the glucose utilization and the dependence of the brain on 
glucose for carbohydrate metabolism (Holmes, 1932 and 1934). 

Since the energy requirements of the brain are large and continuous, 
the adequacy of the brain circulation must be considered with these 
needs in view. In the first place, the blood constitutes about 5 per cent 
of the total weight of the brain (Weil, Zeiss and Cleveland, 1931; Ranke, 
1915, quoted by Weilet al., 1931) and the blood flow through the brain in 
any given animal is fairly constant. The values for 100 grams of brain 
per minute are offered with the aforementioned reservations concerning 
measurements of cerebral blood flow and are as follows: 


Dog and rabbit 


125 ecm. (Jensen, 1904, measured with a Hiirthle stromuhr 
in the internal carotid, see Hiirthle, 1927). 

Dog = 130 ecm. (Gollwitzer-Meier and Eckardt, 1935, measured 

by a Rein stromuhr on the internal carotids, the 

occipital and the vertebral arteries). 


Dog = 75 ccm. (Schneider and Schneider, 1934, measured by a 
Rein stromuhr on the internal carotid). 
Rabbit = 60 ccm. (Winterstein, 1935, by a Fleisch stromuhr in the 


internal carotid). 


From these questionable values the estimated flow for a human brain 
would be about one liter per minute (Schneider and Schneider, 1934). 

The average intracranial circulation time is approximately three 
seconds (Wolff and Blumgart, 1929). With the possible exceptions of 
the retina (1.7 seconds) and kidneys (6-8 seconds), the brain circulation 
time probably does not differ esseuiially from that of other organs (2.5— 
5 seconds) (G. N. Stewart, 1921). As mentioned above, increase in 
the height of the systemic arterial blood pressure is generally associated 
with an increased cerebral blood flow. Thus, with a blood pressure of 
180 mm. Hg (normal 117 mm. Hg) the circulation time is about half 
that of normal while with the blood pressure of 66 mm. Hg the circula- 
tion time is prolonged by 50 per cent (Wolff and Blumgart, 1929). 

The highest integrative functions are dependent upon a relatively 
large and constant flow. Thus, the residual oxygen saturation of the 
blood in the internal jugular vein after passage through the brain, in 
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conscious, alert humans is about 60 per cent. But if, on account of a 
diminished flow it falls to around 35 per cent, mental confusion occurs, 
and when it falls as low as to approximately 25 per cent, the subject 
becomes unconscious (Lennox, Gibbs and Gibbs, 1935). 

It appears, then, that the amount of blood is large and the flow 
through the brain rapid. The distribution of the blood within the 
neuraxis in terms of metabolic activity is clearly demonstrated. The 
gray matter of the central nervous system is much more richly supplied 
with capillaries than is the white matter. In fact, in regions studied, 
the poorest part of the gray is nearly twice as rich in capillary supply as 
the richest part of the white (Craigie, 1920). Thus, the gray matter 
of the human cerebral cortex has about 1080 (1000 to 1100) mm. of 
capillary per cubic millimeter of brain tissue whereas the white matter 
approximates 300 and seldom more than half the gray (Cobb and Tal- 
bot, 1927; Pfeifer, 1933). For purposes of comparison there may be 
considered the values for cardiac muscle (Wearn, 1924-25) with 11,000 
mm. per cubic millimeter of tissue, active skeletal muscle with 6,000 
and resting muscle (Krogh, 1924) with 2,000 mm. 

Also, regions with rich neurone content are more vascular than those 
less thickly populated with similar cell forms. Thus, the six-layered 
neo-cortex is sharply separated from the three-layered paleo-cortex by 
an abrupt change in capillary pattern, corresponding closely to the 
alterations in cellular arrangements (Cobb, 1929). 

This correlation of capillarity and cell density is demonstrated also 
in the contrasting capillarity of the different layers of the paleo-cortex 
itself (Ammon’s horn of the rabbit, Pfeifer, 1933; Craigie, 1930, 
1931, 1932). In the lamina pyramidalis, a region rich in cells, the 
average capillary length per cubic millimeter is 680 mm.; in the dentate 
gyrus, also relatively rich in cellular structures, the capillary count is 
400 mm. per cubic millimeter, whereas in the stratum radialis, a fibrous 
layer, the average is only 300 mm. of capillary per cubic millimeter of 
tissue (Cobb, 1929). 

Furthermore, in the brain-stem, not only is the gray matter twice as 
rich in capillaries as the white matter but different portions of the gray 
matter have very distinct differences in vascularity. Thus, the gray 
correlative centers are in general richer in blood supply than the motor 
nuclei. For example, the capillarity of the trigeminal motor nucleus 
is to that of the sensory trigeminal nucleus as 5.3 is to 8.0; the ventral 
horn of the cord is to the dorsal horn as 6.4 is to 7.2; the molecular 
layer of the cerebellar cortex is to the granular layer as 7.1 is to 8.7; 
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the facial motor nucleus is to the dorsal cochlear nucleus as 5.2 is to 
10.5 (Craigie, 1920). 

There are indications that the oxidation rate and vascularity may also 
be related. Thus, as mentioned above, the gray matter of the human 
cerebral cortex has about 1100 mm. of capillary per cubic millimeter of 
brain tissue, whereas the white matter approximates 300 mm. and sel- 
dom more than half the amount of gray. This is comparable to the 
oxygen consumption in the cortex as compared to the white matter. 
The rabbit cortex takes up about 1.2 cmm./mgm./hour of oxygen 
(Holmes, 1932), whereas white matter takes up about 0.2 to 0.3 emm./ 
mgm./hour, an amount well under half the consumption of the cortex. 

Since then, those regions of greatest cell population within the neur- 
axis have both the greatest vascularity and the greatest oxygen con- 
sumption, and since the correlative regions, i.e., those cell collections in 
which the greatest number of connections are being made, are more 
vascular than others, it is interesting to consider in which part of the 
cell unit greatest metabolic activity takes place. 

It is to be recalled that a good part of the metabolic activity of the 
neurone is centered in the ganglion, dendrites and synapses rather than 
in the peripheral fibers. Since the neurone colony of the spinal ganglion 
is unique in being without synapses, it has been suggested that should 
there be an appreciable difference between the metabolism of this cell 
collection as compared to a similar group with synapses, the difference 
in metabolism would represent the energy component introduced by 
synapses (Holmes, 1932). 

Several lines of evidence support the view that metabolism in the 
dorsal root ganglion is low. First, oxygen consumption and glycolysis 
are no greater than that of peripheral nerve (Holmes, 1932). Secondly, 
it is common experience that dorsal root ganglia permit of transplanta- 
tion more readily than do most neurone structures with the exception 
of peripheral nerves (Cajal, 1928). This indicates that the blood 
demands are not great. In fact, the spinal root ganglia have been 
proved histologically to withstand anemia better than do other struc- 
tures of the neuraxis (Gomez and Pike, 1909). 

Furthermore, by actual measurement, the vascularity of the dorsal 
root ganglion of the cat is revealed to be meager. Quantitative com- 
parison with other nerve tissues indicates the following ratio: cerebral 
white matter 1.0 (377 millimeters of capillary per cubic millimeter 
of tissue); trigeminal nerve 1.13 (425 mm./mm.*); trigeminal gan- 
glion 1.38 (519 mm./mm.*); cervical sympathetic ganglion 2.07 (780 
mm./mm.)*; parietal cortex of the cerebrum 2.40 (907 mm./mm.¥°), 
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(Dunning and Wolff, 1936). This ratio corresponds closely to that of 
the aforementioned oxygen consumption of these structures (Holmes 
1930, 1932). The layer richest in synapses, namely lamina IV, (Pol- 
jak, 1927) was found to be the most vascular layer of the parietal 
cortex, and incidentally the region which has been shown to be the site 
of spontaneous, continuous electrical disturbances (O’Leary and Bishop, 
1936). Quantitative comparison of the nerve cells in this lamina with 
those in the trigeminal ganglion (Dunning and Wolff, 1936) revealed 
that although the number of nerve cells in lamina IV of the cortex was 
four times greater per unit area than that in the trigeminal ganglion, 
the cross section area of the nerve cells in any given section of the tri- 
geminal ganglion was twice as great as that of lamina IV of the cortex. 
This indicates that there is approximately twice the amount of nerve 
cell tissue in a section of the trigeminal ganglion. Calculated in terms 
of the cross sectional area of nerve cells, the vascularity of lamina IV 
of the parietal cortex, the region richest in synapses, is 3.5 times greater 
than that of the trigeminal ganglion, a structure lacking synapses. 

However, even if the metabolism of the spinal ganglion neurone is 
accepted as being low, it is still uncertain whether this metabolism is 
necessarily the expression of thelack of synapses, and the greater metab- 
olism of the cortex is the expression of synaptic activity alone. It is 
conceivable that the difference in metabolism represents merely an 
innate difference in the metabolism of spinal ganglion neurones as com- 
pared to those of the medulla and cortex, especially since it is known 
that the neurones in the dorsal root ganglia have a less active réle and 
are, in fact, actually not essential to the transmission of dorsal root 
impulses (Bethe, 1897; Steinach, 1899). Thus, though the inference 
that the synapse is the site of greatest metabolic activity does not follow 
with certainty, the suggestion is worthy of further experimental con- 
sideration. 

Now, whether transient increases in function in cerebral ganglia are 
associated with like increases in brain circulation remains to be con- 
sidered. If the matter were as simple.as in skeletal muscle one could 
anticipate cerebral vasodilatation and increased flow during greater 
cerebral activity, and vice versa, vasoconstriction and decreased flow 
during less activity or sleep. Unfortunately the problem appears to 
be more complicated. For example, observations on sleep, presumably 
a period of low cerebral activity, do not show adecrease in cerebral blood 
flow. Indeed, the slight increase in cerebrospinal fluid pressure during 
sleep has even been thought to indicate cerebral vasodilatation (Mosso, 
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1881; Stevenson, Christensen and Wortis, 1929), but actual measure- 
ment of brain blood flow does not reveal any appreciable change (as 
measured by a thermocouple in the internal jugular vein in man, Gibbs, 
Gibbs and Lennox, 1935). 

However, there is some evidence that increase in brain function is 
followed by an increase in cerebral blood flow. Local brain vasodilata- 
tion during periods of increased cerebral function has been experimen- 
tally observed. The total capillarity in various portions of the brain 
has been measured and compared, and it has been observed that an 
olfactory stimulant held before the nose of a rabbit just before death 
causes an increase in capillarity in the olfactory lobe, which is not 
present in either motor or visual cortex. This suggests a reciprocal 
relationship between increased function and vascularity (Cobb and 
Talbot, 1927). The inferences from these experiments, however, may 
be criticised because the stimulant used, ammonium hydroxide, is 
actually not an olfactory stimulant, and the dilatation in the olfactory 
lobe may be part of a more generalized reaction to a chemical stimulant 
in the region of the nasal mucous membranes and the olfactory lobe. 
The authors dealt with this objection in part by showing that a group 
of control animals who inhaled anothér irritant, ether, before death, 
did not have the increase in capillarity that occurs after ammonia. 
Hence, though not conclusive, these interesting experiments may not 
be waived. 

By means of the Barcroft gas analysis method, the difference in con- 
tent of oxygen and carbon dioxide between arterial and cerebral venous 
blood before and during optical stimulation was measured (Alexander, 
1912). It was found that during optical stimulation the difference was 
reduced. To demonstrate that this was associated with an increased 
cerebral blood flow, a plethysmograph record of the brain volume was 
made. It was observed that when the retina was stimulated there was 
an increase in the volume of the brain, although the blood pressure was 
maintained constant throughout. It was inferred that increased 
activity of the brain is associated with increased volume flow of the 
cerebral blood stream. 

Likewise, a light flashed into the eyes of a cat caused a local rise in 
temperature as measured by a needle thermocouple placed in the optic 
pathways and optic cortex (Gerard and Serota, 1936). Similarly, 
pinching, stroking or massaging the feet lead to local cerebral thermal 
changes as evidenced when the thermocouple was placed in the cuta- 
neous radiations. These changes were interpreted as resulting chiefly 
from vasodilatation, and were supposedly sequelae of increased function. 
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‘Mental arithmetic,” a type of cortical activity involving a minimum 
of motor acts, was used as a test method for increasing cerebral function. 
Samples of blood entering and leaving the intracranial cavity before 
and during the mental performance were compared. During the in- 
creased mental function the blood leaving the brain was richer in oxygen 
and poorer in carbon dioxide as compared with venous blood taken 
during the control period. These changes were assumed to be due to 
cerebral vasodilatation during the increased cerebral activity (Lennox 
and Leonhardt, 1931). 

Although further data are necessary to establish the thesis, it appears 
probable that transient increases in cerebral function are associated 
with transient increases in cerebral blood supply. 

It is therefore reasonable to inquire whether sustained and high grade 
mentation is accompanied by greater development of the cerebral 
vascular tree. If such be the case, it is conceivable that the increased 
development is an acquired response to, or inborn provision for, increased 
neurone activity. The evidence here is slight and not yet of a statisti- 
cal nature, though the anatomical data are suggestive. It appears 
that the cerebral arteries of the brains of intellectuals which have been 
studied are longer, greater in diameter and have a greater number of 
branches than those of the average subject (Hindzé, 1926). If we may 
assume from other anatomical evidence that the number of neurones 
composing the brain is fixed for the species within certain biological 
limits (Donaldson, 1932) then, any increase in blood supply would 
represent an increased demand on the part of more active neurones, 
rather than the need of a greater cell population. In other words, the 
better development of the cerebral arterial tree of certain brains may 
be the accompaniment of sustained exceptional cerebral performance. 

Briefly summarized, the situation stands as follows. Oxygen con- 
sumption of the brain is large and probably ranks the cerebrum among 
the more actively metabolizing organs of the body. Since the brain can 
accumulate no debts, interference with its blood supply is promptly 
disastrous. It requires and receives a large and constant stream of 
blood, assured by highly effective local and outlying adjustments. Oxi- 
dation and blood supply in some parts of the brain are greater than in 
others. Those parts in the neuraxis with the largest number of cells 
and synapses consume the greatest amount of oxygen and also have 
the greatest vascularity; and even more specifically, those portions of 
the gray matter where the largest number of correlating connections 
and synapses occur, receive by far the most abundant supply of blood. 
Unfortunately, the data on the relation between transient and sustained 
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increase in cerebral function and brain vascularity are more suggestive 
than convincing. It is to be hoped that accumulating data from 
laboratories in various parts of the world will provide further quyantita- 
tive evidence on this provocative question. 
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CARDIAC METABOLISM 


E. W. H. CRUICKSHANK 
Department of Physiology, Marischal College, The University, Aberdeen 


THE GLYCOGEN CONTENT OF THE HEART. The average glycogen con- 
tent of the frog’s heart is 0.54 g./100 g.; the total carbohydrate content 
is 1.42 g./100 g. (Clark, Gaddie and Stewart, 1930, 1931; Wertheimer, 
1930). The glycogen content of the mammalian heart varies some- 
what as to the species of animal used. The distribution of glycogen 
in the mammalian heart has been studied by several (Cruickshank and 
Shrivastava, 1929; Macpherson, Essex and Mann, 1931-32). It is 
generally highest in the auricles, next highest in the septum (Blume, 
1934) with the ventricles containing slightly less. Cardiac glycogen 
suffers rapid post-mortem destruction (Loeper and Lemaire, 1930). 
Doubt has been expressed by Yater, Osterberg and Hefke (1928) as 
to whether or not the Bundle of His contains more glycogen than the 
ventricular muscle (Pace, 1932). Excised and perfused hearts show 
great variations in their glycogen content; for example, the glycogen 
of the cat’s heart falls after two hours’ perfusion with saline from 
an average of 0.483 to 0.152 g./100 g. (Macpherson et al., 1931-32; 
Tanzi, 1933, 1934; Witting, Markowitz and Mann, 1930; Sprague, 
1933). Similar losses have been noted by Camis (1934) and Cruick- 
shank and McClure (1936). 

The most striking change in the glycogen figure is to be seen in dia- 
betes; invariably there is an increase. In 1913 Cruickshank showed 
that diabetic hearts may have as much as 45 per cent more glycogen 
than the normal. This has been confirmed by Fisher and Lackey 
(1925), Kosterlitz (1933), and by Cruickshank and Startup (1933b) 
using the improved Pfliiger method of Sahyun (1931). The changes in 
cardiac glycogen due to hypoglycemia are but part of the greater de- 
pletion of glycogen seen when the mammalian heart has continued 
beating for two or three hours under strictly aglycemic conditions. 
A moderate degree of hypoglycemia (blood sugar = 0.04 g./p.c.) 
produces an average loss of 20 per cent (Cruickshank and Startup 
1933a; Evans, 1934); in aglycemia in which blood sugar has been 
normally and completely utilized by the heart the loss may not average 
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more than 35 per cent, i.e., a fall from normal of 0.686 to 0.449 g./100 
g. (Cruickshank and McClure, 1936). A detailed investigation of the 
glycogen content of the heart of rats under various experimental con- 
ditions has been carried out by Evans (1934). Important in his 
findings is the constancy of the values for heart glycogen. Twenty 
normal hearts contained 0.508 + 0.012 g./100 g. Extreme values were 
0.444 and 0.675 g. Fasting and exercise did not reduce the glycogen; 
anoxemia, by inspiring air with 12 to 9 per cent of oxygen had no 
effect. Extreme degrees of anoxemia (O2 = 7 to 5 per cent) reduced 
the glycogen some 20 to 60 per cent. With or without exercise, starva- 
tion of 24 to 48 hours does not reduce heart glycogen (Kulz, 1891; 
Macleod and Prendergast, 1921; Lawrence and McCance, 1931). 
Longer periods of starvation, 3 to 56 days, were equally unsuccessful 
in reducing cardiac glycogen (Bong, Junkersdorf and Steinborn, 1934). 

Insulin in the presence of ample blood sugar produces a marked depo- 
sition of cardiac glycogen while in the absence of blood sugar it ap- 
parently conserves the carbohydrate stores (Cruickshank and Startup, 
1933a, b; Bong et al., 1934; Evans, 1934). Starvation of 24 hours’ 
duration followed by insulin in the whole animal, results in no change 
in glycogen (Lawrence and McCance, 1931). In diabetes insulin re- 
duces cardiac glycogen toward the normal. From all observations it 
is true that insulin effects a deposition of glycogen in the heart. 

Opinion is divided with regard to the action of adrenaline. That it 
causes no loss in the glycogen of the heart muscle is the finding of 
Bong et al. (1934). Junkersdorf and Tér6ék (1926) stated that epineph- 
rine administered daily to fasting dogs over a period of nine days re- 
sulted in a slight increase of heart glycogen: their figures for four 
experiments, 0.86, 0.57, 0.66, 0.54 are, however, not conclusive. More 
definite results by Junkersdorf and Hanisch (1927), however, support 
this conclusion, which receives further confirmation from Geiger and 
Schmidt (1928). <A loss of about 45 per cent of heart glycogen upon 
daily adrenaline administration to dogs for seven days was reported 
by Haendel and Munilla (1929), average figures showing a fall from a 
normal of 0.561 to 0.334 g./100 g. In the isolated heart lung prepara- 
tion adrenaline does not have the specific effect on heart glycogen which 
is characteristic for skeletal muscle glycogen. To obtain a marked 
fall of glycogen, in a heart well supplied with carbohydrate, it is neces- 
sary to administer large doses of adrenaline (Bogue ef al., 1935). 

THE GASEOUS METABOLISM OF THE “COLD BLOODED’? HEART. In 
considering carbohydrate metabolism one must always discriminate 
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between processes occurring in different types of muscle per se and those 
which occur in mixtures of muscle pulp with saline or serum. Critical 
considerations demand a knowledge of the carbohydrate content of the 
heart and perfusing fluid at the beginning and end of the experimental 
period, a comparison of resting and active metabolism and an estima- 
tion of the amount of sugar used and the work done. It is manifest 
that until recently little attempt has been made to meet such demands. 

The cold blooded heart. The early work of Johannes Miiller (1904) 
was without adequate controls; a saline perfusion fluid with a heart 
concerning whose activity no statement was made showed a definite 
loss of sugar after seven hours. Locke and Rosenheim’s work (1907) 
showed that the non-beating heart used as much carbohydrate as the 
active one and that the removal of Ca or K from the perfusing fluid 
had no effect upon the rate of disappearance of sugar. That one need 
expect little difference between the sugar utilization of the still and 
beating cold blooded heart is generally maintained (Eismayer and 
Quincke, 1929). Wertheimer (1930) has carefully investigated the 
carbohydrate metabolism of the frog’s heart almost month by month 
and has concluded that the glycogen of the working heart was not 
diminished, that there was no relation between the duration and the 
amount of work and the glycogen content of the heart, that there could 
be no support for the idea that heart glycogen was used entirely for 
cardiac work, that in aerobic conditions circulating sugar was used 
and not glycogen while in anaerobic conditions glycogen was utilized. 
Wertheimer (1933) using strips of frog’s heart has also shown that only 
after a definite weight limit or load has been passed does the muscle 
show any loss of its carbohydrate, that never within the optimum load 
limit, which varied month by month, did the heart lose glycogen nor 
was there any evidence of a relation between carbohydrate used and 
work done. He also stated that increasing the Ca or K of the perfusing 
fluid causes an increase in glycogen loss up to 31 and 12 per cent for 
Ca and K respectively. The figures for the loss of glycogen occasioned 
by treatment of cardiac strips with various drugs are of no great value. 
The most important fact arising from this work is that up to a point 
of maximal efficiency occasioned by increase in initial length of the strip 
there is apparently no call upon carbohydrates for energy purposes. 

This leads to a discussion of the important work of Clark and his 
colleagues in Edinburgh. They have shown (1931) that when the frog’s 
heart is perfused with Ringer’s fluid a certain amount of sugar is ex- 
creted by the heart, that when serum with 0.01 per cent sugar is added 
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no such excretion takes place. This supports an earlier criticism of 
such perfusion methods, namely, that under abnormal conditions the 
normal contents of the heart muscle may be washed out in the first 
hour or two of the perfusion. In a later paper (1932) they showed 
that hearts suffering from a lack of oxygen rapidly turn carbohydrate 
into lactic acid thus accounting for a loss in carbohydrate. The most 
important fact emphasized by Clark et al. (1931) is that the isolated 
heart of the frog beating in air or oxygen derives its energy, at least 
in part, from sources other than carbohydrate. A further step in their 
investigations was to discover the conditions under which the heart 
would utilize carbohydrate in preference to non-carbohydrate material. 
The perfusion fluid which best facilitated the burning of sugar by the 
heart was heparinized blood plus one unit of insulin per cubic centi- 
meter of fluid. While Clark et al. (1931) maintain that the addition of 
0.1 cc. glucose to the perfusion fluid causes no increase in oxygen used, 
Eismayer and Quincke (1930) maintain that it does. Clark et al. 
have found that the amount of carbohydrate disappearing from the 
heart when it is perfused with sugar-free Ringer’s fluid amounts to 25 
per cent of total metabolism; when, however, sugar is added to the 
perfusion fluid (Ringer plus serum) the amount of carbohydrate re- 
moved from the heart remains unchanged and the carbohydrate re- 
moved from the perfusion fluid amounts to about 20 per cent of the 
total metabolism, that is to say, the addition of sugar to the perfusing 
fluid does not spare glycogen but raises the carbohydrate metabolism 
some 45 per cent of the total metabolism. With the use of heparinized 
blood, however, the amount of carbohydrate removed from the per- 
fusing fluid is practically unaltered but there is a slight increase in the 
heart’s total carbohydrate. While the addition of insulin to Ringer’s 
solution does not lead to a storage of glycogen its addition to perfusing 
blood causes a very definite synthesis of cardiac glycogen with a main- 
tenance of the rate of utilization of carbohydrate by the heart. The 
initial difficulty in Clark’s experiments arises from the apparent pro- 
duction of a certain amount of reducing substances from some non- 
reducing source, which requires the use of 6 cc. oxygen per gram of 
heart over a period of four hours to bring the heart to the level of 
control values. To balance the oxygen consumption with the meta- 
bolic changes they have assumed the production, during perfusion, of 
reducing and fermentable substances amounting to 20 per cent of the 
initial content of reducing substances in the heart. ‘The experiments of 
Clark and his co-workers go to show that the perfused frog’s heart 
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loses from 26 to 29 per cent of its total carbohydrate in six hours and 
from 37 to 66 per cent in twenty-four hours’ perfusion, that a little 
sugar is excreted in the first six hours, that the average sugar utilization 
is 0.576 and 0.266 mgm. per gram of heart muscle per hour for six and 
twenty-four hour perfusions and that the oxygen utilization is 1.51 
and 0.85 cc. per gram per hour for six and twenty-four experiments 
respectively. This means that over 70 per cent of the cardiac metab- 


olism is other than carbohydrate. The following table forms the basis 
of these calculations: ° 


























| TOTAL REDUCING | ppR CENT | 
PERFUSION FLUID—OF SeRyreren A OF SUGAR SUGAR | OXYGEN 

EXPERIMENT ame ars EXCRETED) , USED | USED 

| Reart. | ‘heart | STANCE | 
| hours mgm./g.| mgm./g. —— | ore 9-/ | cc./g./hr. 

; | 6 | 14.2 | 15.7 0.225 | 1.26 
rs (195 | | | 

Ringer's (1931) \| 94 | 14.2 | 7.3 | 48.5 | 0.125 | 0.162 | 0.75 
} 
,| 7 

| 6 | 14.2 | 10.5 | 26.0 0.616 | 1.90 

maaan ara 24 |14.2 | 4.8 | 66.0 | 0.392 | 0.95 
| | 

(| 6 |12.28| 8.70] 29.0 | 0.06 | 0.537 | 1.38 
Ds 9 } 
Ringer's (1982) 1 24 | 15.53 | 9.66 | 37.8 | 0.244 | 
| } 

italia f 6 | 12.28 | 14.17 0.027 | | 0.43 

rs |} 6 | 11.97 | 13.30 | 0.166 | | 0.45 
i i | 





Oxygen utilization of the frog’s heart and its relation to work. In 1910 
Rhode determined the R.Q. of the frog’s heart and from the high 
figures obtained he concluded that the heart used sugar. He found that 
much more oxygen was used than could account for the sugar lost and 
he assumed that protein and fat were utilized subsequent to the loss 
of sugar. ‘The interest this created in oxidation processes in connec- 
tion with energy metabolism led to the work of Weizsacker (1911) 
and Bodenheimer (1916) who found that work performed by the heart 
was independent of oxygen utilization. Bohnencamp and Ernst (1927) 
from a study of the heat production of the heart concluded that an 
equal amount of energy was released with each contraction and that 
this amount of energy was not altered by any changes which may 
occur in the initial filling of the frog’s ventricle. Liischer (1920~1921) 
stated that with a frog’s ventricle the amount of oxygen used was not 
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dependent on diastolic volume but with a constant diastolic volume 
oxygen utilization varied according to factors or mechanical conditions 
associated with systole. Arterial resistance for example if changed 
from 10 to 40 mm. Hg increased oxygen consumption about 20 per 
cent. Bohnencamp, Eismayer and Ernst (1928) found that changes in 
diastolic volume of the ventricle from zero to the highest compatible 
with the heart’s action were without influence on the oxygen consump- 
tion. With the exception of the work of Rhode (1912) researches upon 
the mammalian heart by several investigators failed to confirm these 
statements of Liischer. Clark and White (1928) in their earlier work 
on the frog’s heart state definitely that oxygen consumption due to 
contraction varies as the diastolic volume of the heart and is not af- 
fected by systolic events such as variations in the resistance thus 
supporting the view that the Fenn effect does not occur in heart muscle. 
This was further corroborated by Fischer who stated (1927) that an 
increase in initial tension gives rise to an increase in heat production 
and an increase in the work done. An important paper in this connec- 
tion is that by Clark and White (1929) on the oxygen consumption of 
the frog’s auricle. It is pointed out that, because the thickness of 
the auricular wall in relation to its diameter is so small, the Warburg 


formula d = +~/8c. D/A, (where d = thickness in centimeter, A = ob- 
served oxygen consumption in cc./g./minute, c = concentration of 
oxygen in atmospheres, D = Krogh’s diffusion co-efficient for oxygen 
which is 1.4 x 10 for muscle at 20°C.), can be applied in determining 
the thickness of the tissue. By a comparisca of calculated and esti- 
mated thicknesses it was found that the filled and empty auricle is 
adequately supplied with oxygen if it be suspended in an atmosphere 
of oxygen; if it be suspended in air the filled auricle will receive by diffu- 
sion just enough oxygen but the empty auricle will not. The auricle 
was filled with a mixture of equal parts of serum and Ringer’s fluid of 
the percentage composition, NaCl 0.65, CaCl, 0.024, KCl 0.015 and 
sodium phosphate 0.02 (pH = 7.6). An important deduction from a 
study of oxygen diffusion in the frog’s auricle and ventricle is that 
tissue more than 0.2 mm. thick will not allow of adequate diffusion of 
oxygen if suspended in air and may not when suspended in oxygen 
receive an adequate supply of the gas. This cuts deeply at all experi- 
ments on suspended strips of cardiac tissue where no accurate measure- 
ment of the thickness of the strip has been made. Particularly is this 
criticism levelled at ventricle strips. The proof of the value of using 
auricular tissue is seen in the fact that an auricle filled with a Ringer- 
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serum mixture maintains a full efficiency as seen from record of rate 
and height of contraction for 24 hours, whether it be suspended in air 
or oxygen. On the other hand while an empty auricle will contract 
efficiently in oxygen it begins to fail within two or three hours if sus- 
pended in air. The rate of metabolism of the arrested ventricle of 
the frog lies between 20 and 30 per cent of the rate of metabolism when 
the ventricle is beating at 15 per minute. There is a definite linear 
relation between the metabolic rate of the frog’s heart and its fre- 
quency up to 30 beats per minute (Clark, 1935). The figures given by 
several workers for the oxygen consumption of the frog’s heart as a 
whole or of its chambers vary greatly. Individual variations are so 
great that they fail to show any relationship between the size of the 
heart and its metabolism. Such variations as are seen in the following 
table are undoubtedly due to differences in method, and such figures 
would certainly assume new interpretative values were they all ac- 
companied by figures indicating the reaction of the perfusion fluid, 
the amount of CO, and lactic acid produced, the diastolic volume and 
the work done by the muscle. 


Oxygen consumption calculated in cc./g./hour for the whole heart, ventricle and 
auricle of the frog 


Perfusion fluid O2 utilized cc./g./hr. 
Whole heart Ringer’s solution.,....... 1.33 Clark and White (1928) © 
Whole heart Ringer’s solution......... 1.07 Clark, Gaddie and Stew- 
art (1931) 

Whole heart serum plus Ringer’s solu- 

a ack in tee Sate es Sa ae ay a 2.13 Clark and White (1928) 
Whole heart Ringer’s solution......... 0.59 Fukuda and Naito (1927) 
Ventricle Ringer’s solution............ 0.87 Clark and White (1928) 


Ventricle serum plus Ringer’s solution. 0.27 
Ventricle ox red blood corpuscles 2.92 
Ventricle with serum 


ee 


Clark and White (1928) 
Weizsiicker (1911) 
Weizsicker (1912) 





Ventricle with serum.................. 1.15 Weizsicker (1912) 
Ventricle with serum.................. 1.19 Gottschalk (1913) 
Ventricle with serum................... 2.22 Luscher (1920) 
Ventricle with serum.................. 2.54 Scheinfinkel (1926) 
Ventricle with serum.................. 1.07 Clark and White (1928) 
Ventricle (tortoise) Ringer’s solution 

nee rcl onde eh shecdwent’ 1.05 Stella (1931) 


The R.Q. of the cold-blooded heart. The work on the cold-blooded 
heart referred to also indicates that serum or plasma added to Ringer’s 
solution increases oxygen but does not affect sugar consumption. The 
presence of serum appears to be necessary for the action of sugar in 
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raising the R.Q. Sugar added to Ringer’s solution does not change 
the amount of oxygen utilized; it merely changes the type of metabo- 
lism more and more from protein and/or fat to carbohydrate, a change 
which may amount to 45 per cent of the total metabolism. The ex- 
tremely small amounts of sugar and oxygen estimated make it rather 
difficult to accept Clark’s statements that while sugar added to Ringer’s 
solution is removed from the perfusing fluid it does not affect the R.Q. 
of the frog’s heart, when the figures given are, for Ringer alone, R.Q. = 
0.80, for Ringer plus 0.1 per cent glucose, R.Q. = 0.87. In one 
series of experiments oxygen is less than the control figure, in another 
series of six hours’ experiments it is higher, a fact which is regarded 
as ‘‘probably accidental.’’ What is required is a more accurate esti- 
mation of O, and CO, and it is probable then that one would conclude 
that oxygen does not change while the CO. and R.Q. do increase. 
Another result of importance is the failure of insulin to raise the R.Q. 
of the frog’s heart beyond 0.9 from about 0.85; the isolated heart of the 
frog apparently is benefited neither by sugar nor by insulin. These 
results are in accord with the findings of Rothschild (1930) which indi- 
cate the inability of minced and therefore greatly damaged skeletal 
muscle of the summer frog to alter its oxygen consumption upon the 
addition of glucose or insulin, although the winter frog muscle does 
appear to utilize sugar. The general conclusions are, that the frog’s 
heart has a limited power to use carbohydrates, that the presence of 
serum, glucose, and insulin has little effect in increasing carbohydrate 
metabolism, which never under most favorable circumstances exceeds 
45 per cent of the total metabolism, that protein is used for energy and 
for glycogen formation and that the type of metabolism resembles that 
described by Needham (1927) for amphibian embryos which utilize 
proteins, fats and carbohydrates in the percentage ratio of 71, 22 and 
7. It is remarkable, however, that in this work of Clark’s, which is 
the most important contribution to date on the study of the metab- 
olism of the frog’s heart, such definite results have been obtained 
in face of the numerous difficulties which are invariably associated with 
the use of such small pieces of tissue in rather an abnormal environment 
showing extremely small changes in gaseous metabolism. 

Lactic acid production in the cold-blooded heart. ‘The failure to recog- 
nize the réle of lactic acid in muscle efficiency led to several rather ab- 
struse conclusions from results obtained by immersing the frog’s 
ventricle in oxygen-free saline. Diminution in ventricular contraction 
under Such conditions was early demonstrated by Howell (1901) and 
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Lingle (1902, 1905). The first observer to note the favorable effect of 
alkali on the heart’s action was Merunovicz (1875), whose findings were 
confirmed by Gaule (1878) and Benedict (1905). In 1905 E. G. Martin 
assumed that the failure of the exhausted and asphyxiated heart was 
due, not to oxygen-lack but to the fact that the ability of the tissue to 
absorb oxygen was diminished because “‘something is lost by the tissue 
upon which its power to absorb oxygen depends.”” The power to uti- 
lize oxygen was restored by the addition of calcium and alkali (NaCl). 
The explanation was soon forthcoming. Fletcher and Hopkins (1907) 
in their classical researches on lactic acid production showed that in 
amphibian muscle a definite amount of lactic acid was produced on 
stimulation of the muscle to fatigue and that larger amounts were 
obtained when the muscle passed into rigor. That the anaerobic pro- 
duction of lactic acid was accompanied by an equivalent loss in glycogen 
of the muscle was first demonstrated by Meyerhof (1920, 1921). Ifthe 
muscle be suspended in an alkaline phosphate solution all the glycogen 
becomes converted into lactic acid. This holds for skeletal but not 
for cardiac muscle, for heart muscle is much more dependent upon a 
continuous oxygen supply than is skeletal muscle. The anaerobic 
activity of the isolated frog’s heart depends upon two independent 
variables, namely, the amount of carbohydrate available for use by 
the heart and the reaction of the perfusion fluid (Clark et al., 1932). 
In contradistinction to aerobic activity the heart, under anaerobic con- | 
ditions, utilizes carbohydrate, the essential source of its energy being 
the breakdown of carbohydrate to lactic acid. The many contra- 
dictory results obtained by several workers on the production of lactic 
acid by the heart are undoubtedly due to varying degrees of lack of 
oxygen. The extreme figures obtained by Nagaya (1929) and Eismayer 
and Quincke (1930) from almost zero to 4 mgm./g./hour of lactic acid, 
can be explained by the method of perfusion adopted. A double 
cannula affording a flow of well oxygenated fluid through the heart 
from sinus to aorta will give zero figures, a Straub cannula will produce 
the anoxemic figures. Wertheimer’s (1930) work on ventricular strips 
of frog’s heart showed that in the presence of a rich supply of oxygen, 
the greater the work done the less the amount of lactic acid excreted by 
the heart into the perfusing fluid. Im six cases of poisoning with 
NaCN-M/2000 to M/3000, control strips showed an excretion of 
0.166 mgm./g. and a lactic acid content of 0.010 g./100 g. of muscle, 
the poisoned muscle strips gave an average excretion of 0.85 mgm./g. 
of muscle and contained on an average of 0.037 g./100 g. of muscle. 
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Anaerobic metabolism of the cold-blooded heart. The effect of oxygen- 
lack on the lactic acid content of the cold-blooded heart has been 
investigated by many (Redfield and Medearis, 1926; Arning, 1927; 
Gemmell, 1928; Boyland, 1928, etc.). Lactic acid is rapidly excreted in 
the poisoned muscle; it is also rapidly excreted in the anoxemic muscle, 
but the degree of excretion is dependent upon the alkalinity of the 
perfused fluid. By removing the lactic acid the alkalinity of the fluid 
antagonizes somewhat the effect of oxygen lack (Martin, 1905; Drury 
and Andrus, 1924). If the Ringer’s perfusion fluid be unbuffered the 
frog’s heart will cease all activity within an hour. This result was 
formerly thought to be due to the accumulation of lactic acid within 
the heart muscle, but in 1933 Gottdenker and Wachstein suggested 
that asphyxial arrest of the isolated rabbit’s auricles was possible with- 
out any appreciable increase of lactic acid within the muscle. As a 
result of this finding Clark et al. (1934) repeated their experiments 
upon asphyxial arrest of the frog’s ventricle and concluded that the 
decreased power of the heart to maintain anaerobic activity was due 
to a decrease in its power to buffer the lactic acid formed. It would 
appear that of the lactic acid produced by the heart, part is retained 
and part is passed into the perfusing fluid as free acid and as lactate. 
The frog’s ventricle contains sufficient potassium and sodium to neu- 
tralize all the lactic acid that may be formed in the heart muscle. In 
asphyxia of short duration the frog’s heart may produce and neutralize 
1.5 mgm. lactic acid per gram of muscle, changing the pH from 7.5 
to 6.5; further asphyxia results in a production of free lactic acid show- 
ing that the availability of base and therefore the buffer capacity of 
the heart is limited (Furusawa and Kerridge, 1927). The buffering 
power of the frog’s heart is stated to be about half that of the frog’s 
skeletal muscle (Brody, 1930). The essential cause then of asphyxial 
failure is not the accumulation of lactic acid in the heart muscle. It 
is probable that the increasing acidity of the perfusing fluid in the ab- 
sence of oxygen inhibits the anaerobic production of lactic acid which 
is necessary for the supply of energy for the restoration of creatine 
phosphate. 

The effect of glucose on the anoxemic heart. That hearts perfused 
with Ringer’s fluid containing glucose can beat actively for many hours 
under anaerobic conditions has been demonstrated (Backmann, 1927; 
Freund and Konig, 1927; Clark et al., 1932). The anaerobically fa- 
tigued heart can be revived by the addition of glucose to the perfusing 
fluid provided that the fluid is alkaline. While the anaerobic frog’s 
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heart without glucose in the perfusion fluid uses its own glycogen 
almost exclusively, the nitrogenous metabolism being very much lower 
than under aerobic conditions, the aerobically active heart uses no 
circulating sugar; its metabolism consists of approximately 40 per cent 
each of carbohydrate and protein leaving 20 per cent undetermined. 
The question of the production for energy needs of carbohydrate from 
unknown sources has not been settled. Clark et al. (1932) maintain 
that inositol is not used by the frog’s heart. Boyland (1928) favors 
the production of lactic acid from inositol in the heart. It has been 
frequently stated that inositol improves the activity of the heart of 
the frog better even than glucose; for example, Hewitt and De Souza 
(1921) found that small amounts of inositol increased the force of 
contraction but not the rate of the perfused heart. Chevalier and Bris- 
semoret (1908) found a similar improvement in the rabbit’s heart. 
Sachs (1906), on the contrary, found that inositol led to systolic arrest 
of the heart; these results, however, may have been due to toxic doses of 
the drug. The methods for the estimation of inositol are evidently at 
fault; that devised by Needham (1923) cannot be regarded as specific. 

As a means for the study of possible intermediary sources of energy 
in carbohydrate metabolism, the exhausted frog’s heart beating anaerob- 
ically in Ringer’s fluid through which nitrogen is bubbled has led to 
certain noteworthy conclusions (Gaddie and Stewart, 1934). When 
nitrogen is bubbled through Ringer’s fluid of the following percentage 
composition, NaCl 0.65, KCl] 0.015, CaCl. 0.012, NaHCO; 0.05, the 
pH of the fluid is raised to 8.5. Hearts perfused with such a fluid are 
exhausted in 2 to 6 hours, the time depending on the amount of glyco- 
gen present in the heart, the rate of stimulation and the frequency with 
which the fluid is changed. According to Gaddie and Stewart the fluid 
washes out a factor which is essential for proper contraction of the 
heart and the more frequently the fluid is changed the more rapid is 
the exhaustion. Such an exhausted heart was found to be easily 
restored by addition of glucose and mannose. It was not restored by 
fructose, galactose, the pentoses arabinose, ribose, xylose and the 
disaccharides glycogen, and starch. Such results corroborate, in part, 
work carried out to determine the ability of the mammalian heart to 
utilize these carbohydrates. Maclean and Smedley (1913) found that 
the hearts of dogs and rabbits utilized glucose and mannose well, 
galactose to a less extent and maltose, fructose and xylose not at all. 
Steinberg (1927) found that the rabbit’s heart did not utilize fructose. 
It would appear that the utilization of added glycogen by the heart 
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described by Freund and Kénig (1927) was the result of the presence 
of traces of glucose in the glycogen used. The question of the part 
played by the intermediary products of carbohydrate metabolism in 
heart activity will be discussed later when the gaseous metabolism of 
the mammalian heart has been reviewed. It is sufficient at present to 
state that methyl glyoxal produces a partial recovery of the frog’s 
exhausted ventricle, pyruvic acid, sodium glycerophosphate and dihy- 
droxyacetone are separately without effect. Pyruvic acid and sodium 
glycerophosphate together produce a slight recovery of the exhausted 
anaerobic heart. 

The action of iodo- and bromo-acetic acid. The anaerobic ventricle 
is rapidly stopped by iodo- and bromo-acetic acids in concentrations 
of 0.25 millimol. Oxygen rapidly revives such a heart if given at 
once. Gaddie and Stewart (1934) have also shown that monochlor- 
acetate, in concentrations up to 2.5 millimols, has no effect upon the 
heart and they emphasize the importance of this fact in view of the 
observations of Dudley (1931) that iodoacetic acid inhibits glyoxalase, 
of Jowett and Quastel (1933) that iodoacetic acid inactivates the co- 
enzyme of glyoxalase indicating that this co-enzyme is glutathione, of 
Dickens (1933) that in vitro iodoacetic acid reacts with glutathione 
liberating hydriodic acid. 

The action of glutathione. Mowat and Stewart (1934) showed that 
glutathione abolishes the power of iodoacetic acid to inhibit glycolysis 
in blood. Gaddie and Stewart (1934) found that glutathione is unable 
to restore to full power the ventricle which has been poisoned by iodo- 
acetic acid, but restores fully the ventricle which has been poisoned 
under anaerobic conditions by means of a minimal dose of trivalent 
arsenic (0.25 millimol sodium arsenite). It appears that the arsenic 
and iodoacetic acid specifically inhibit enzymes responsible for the 
breakdown of carbohydrate to lactic acid and in recovery by glutathione 
it has been noted that the frog’s ventricle behaves differently upon the 
addition of glucose to the perfusion fluid according to whether it has 
previously been poisoned by iodoacetic acid or sodium arsenite. In 
the former case glutathione, probably destroyed by iodoacetic acid, is 
made good but the recovery is never complete. The addition of glucose 
in the presence of glutathione stops the heart previously poisoned by 
iodoacetic acid. The question arises, is there a toxic intermediate 
substance, formed and maintained in the presence of iodoacetic acid 
and removed by glutathione? Gaddie and Stewart suggest glyceric 
aldehyde. In the latter case, in the absence of oxygen, sodium arsenite 
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(1:50,000) inhibits glyoxyalase upon the activity of which anaerobic 
carbohydrate contraction depends (under stronger doses of arsenic the 
heart will stop even if given oxygen, showing that it is then acting as 
a general enzymic poison). The addition of glucose does not restore 
the heart but the addition of glutathione does and further it maintains 
cardiac activity until all carbohydrate stores are exhausted. The fur- 
ther addition of glucose will then maintain activity. Since according 
to Meyerhof (1933) the production of lactic acid from glycogen by way 
of triose phosphates and pyruvic acid is independent of glutathione, 
it would appear probable that methyl glyoxal may be the main inter- 
mediate in the production of lactic acid from glucose in the cardiac 
muscle of the frog. That methyl glyoxal can restore the anaerobically 
exhausted heart, that glutathione is the co-enzyme of glyoxylase, that 
iodoacetic acid reacts with and destroys glutathione (Dickens, 1933) 
and that trivalent arsenic combines with glutathione (Voegtlin et al., 
1931) would tend to support this contention. 

THE GASEOUS METABOLISM OF THE MAMMALIAN HEART. Since the 
work on the mammalian heart has been carried out either on the 
isolated heart-lung preparation or on the excised heart perfused with 
Ringer-Locke’s solution or with defibrinated blood, brief reference to 
one or two points in method upon which certain criticism bears may be 
permitted. Open or closed systems of blood perfusion lead to a loss 
of CO, from the blood and it is well to know the extent of such loss 
under the experimental conditions obtaining. It has been found that 
during the 20 to 30 minutes taken for the preparation of the isolated 
heart-lung, the opening of the chest, the filling of the venous blood 
reservoir with blood which has been defibrinated and frequently filtered, 
there is a marked loss of CO2 from the blood. The loss of blood CO, 
during the first half-hour following the completion of the isolated heart- 
lung preparation may be as much as 25 per cent, and during the second 
half hour about 15 per cent. Equilibrium of blood CO, can usually 
be attained within 60 minutes from the time of completion of the 
preparation (Cruickshank, 1934). Any experimental data necessary 
for R.Q. determination should always be corrected, if taken within 
such a time limit. Such gaseous exchange through the pleura as has 
been noted by Kremer, Wilson and Wright (1934) can be prevented 
by closing the chest and allowing but the smallest possible contact 
of air with the apical visceral pleura. Artificial respiration must be 
regulated as far as can be judged to meet the requirements of the 
active heart muscle, the weight of which can be easily judged. Ina 
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dog of 10 kgm. weight with a heart weighing 50 grams the respiration 
rate should be about 12 per minute and the stroke volume approxi- 
mately 100 cc. It is also important in using closed respiratory systems 
in the determination of gaseous metabolism frequently to apply alcohol 
lamp checks. Data concerning such checks should always be expected 
in the description of new methods. In using the excised mammalian 
heart perfusion with any fluid except the blood of the animal from 
which the heart is taken is open to criticism. No mammalian heart 
can be regarded as approaching the normal in its activity if deprived of 
its hemoglobin, if under conditions which would alter the calibre of its 
coronary vessels, and if prevented from developing the physiological 
initial length-tension of its muscle fibres. These normal requirements 
never obtain in the excised heart perfused by way of the aorta whatever 
be the perfusing fluid. The frog’s heart so perfused may virtually 
answer to these requirements, the mammalian heart never: it must be 
examined in situ and the nearest approach to normal conditions at 
present is found in the isolated heart-lung preparation. An adequate 
account or discussion of the energy metabolism of the heart cannot be 
forthcoming until all the biochemical events involved are clearly set 
out. It is only recently in investigations concerning the gaseous metab- 
olism of the heart that an attempt has been made to differentiate 
between the utilization and storage of carbohydrates, to estimate simul- 
taneously the CO, produced and oxygen used, to consider the metab- 
olism of the lungs as part of that of the whole heart-lung preparation 
and to assess as accurately as possible the physiological condition of the 
heart throughout the experiment. This has been attempted in the 
excised mammalian heart (Soskin and Katz, 1932), in the isolated 
heart-lung preparation (Cruickshank and Startup, 1933a) and in the 
heart-lung preparation with and without the use of an oxygenator sys- 
tem (Evans et al., 1935). Present-day problems of the chemistry of 
muscle contraction are sufficiently complex to make one realize how 
much is still demanded of physiological investigation of the metabolism 
of cardiac and skeletal muscle. It is clear that only some of the main 
lines of investigation and the results secured can be touched upon. 
Utilization of glucose by the mammalian heart. The question of the 
utilization of carbohydrate by the mammalian heart has been obscured 
by the lack, in certain investigations, of suitable estimations of changes 
in the lactic acid content of the blood, of a knowledge of the irregular 
variations in glycolysis in the circulating blood and of the utilization 
of sugar by the lungs. Were all the factors known and corrections 
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duly made, there would possibly be far less disagreement in the general 
average of results published. A comparison of some of the figures for 
the utilization of carbohydrate by the heart will show how great are 
the variations. In 1913 Patterson and Starling found the glucose 
loss of the heart-lung preparation to be from 0.8 to 3.8 mgm./g./hr. 
Cruickshank and Startup (1933a) gave an average figure of 5.28 
mgm./g./hr. with a variation between 4 and 6 mgm./g./hr. Mc- 
Ginty and Miller (1933) found by two different methods 0.2 and 0.3 
mgm./g./hr. Lovatt Evans and his fellow-workers (1933) gave an 
average figure of 0.072 mgm./g./hr., their highest figure being 2.4 
mgm./g./hr. They point out that in preparations made acapnic by 
ventilation with air, the glucose usage of the heart is practically neg- 
ligible. Such variations indicate a variety of causative factors. The 
part played by the lungs has been investigated, and it has been shown 
that the heart uses much less sugar directly from the blood than has 
been previously supposed (McGinty and Miller, 1933; Riihl, 1934; 
Evans, Grande and Hsu, 1935). Evans, Hsu and Kosaka (1934) 
showed that the lung tissue, corresponding to 100 grams of heart, 
causes the average disappearance of 113 mgm. of glucose in the first 
hour of perfusion. Of the sugar which disappears from the blood not 
all is oxidized in the lungs, much is converted into lactic acid; the frac- 
tion so converted is less than in the blood itself and is stated to be 
about 46 per cent and 82 per cent in the first and second hours respec- 
tively. It is clear that glucose is lost from the blood in passing through 
the lung, the results of Patterson and Starling (1913), Cruickshank and 
Startup (1930) and Hemingway and Phelps (1934) average 81 
mgm./100 g. heart /hour. 

Fallacies in the estimation of glucose consumption by the heart 
certainly arise from incorrect allowances for glycolysis both in the lungs 
and in the controls. Hemolysis is always greater in oxygenation than 
in lung-perfusion circuits. It may be thought that the slower rate of 
glycolysis in the oxygenator circuit is due to corpuscular damage 
(Irving, 1926; Reid and Narayana, 1931) but the fact remains that in 
the lungs and in the perfusing blood of the isolated heart-lung prepara- 
tion, lactic acid is formed and is or may be oxidized by the heart. 
Herein lies a valid criticism of those results which attribute to the heart 
an oxidation of sugar of the order of 5.00 mgm./g./hr. with a R.Q. of 
unity. The part played by the lung may under variations of hyper- 
glycemia be much more than 1.13 mgm. per gram of heart muscle per 
hour. Corrections for glycolysis bring about a good agreement be- 
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tween the results of Evans and Cruickshank. The former has shown 
that adding the oxidation due to glycolysis to that for glucose consump- 
tion of the heart, the total amounts of glucose caused to disappear in 
the isolated heart-lung preparation average 4.20 (Evans) and 5.28 


_ mgm./g./hr. (Cruickshank). Hyperglycemia undoubtedly leads to a 


deposition of glycogen in the heart and the extent of this synthesis has 
been assumed by Cruickshank and Startup (1933a) to be the difference 
between the sugar equivalent of the oxygen burned by the heart and the 
total amount of glucose disappearing from the blood. The degree of 
synthesis, for reasons already mentioned, cannot be so determined. 
The synthesis with a R.Q. of unity would be greater than their figures 
suggest. In hypoglycemia, i.e., with the blood sugar reduced to 0.03 
gram per cent in one hour, the utilization of blood sugar by the heart 
falls steadily with an accompanying loss of heart giycogen. It has 
been shown that when the R.Q. falls below 0.85 there may be but little 
utilization of carbohydrate by the heart and in aglycemia with a 
R.Q. = 0.7 and a loss of cardiac glycogen of about 20 per cent, no 
carbohydrate is burned by the heart (Cruickshank and Startup, 1933b). 
That the heart well retains or loses but sparingly its glycogen under 
conditions of work and of hypoglycemia lasting from three to five hours 
is generally accepted. Visscher and Mulder (1930) give the following 
figures which have been corroborated by many; for the normal heart 
unworked, glycogen is 0.560 gram per cent with a standard deviation of 
+0.165 and a probable error of the mean of +0.022; for worked hearts, 
the mean is 0.516, the standard deviation +0.133 and the probable 
error of the mean +0.023. The question of the utilization of sugar 
and deposition of glycogen by the lungs requires investigation. It 
would therefore appear that the results generally found for glucose 
utilization are too high, because the most recent work (Evans, Grande 
and Hsu, 1935) would indicate that the lungs perfused in situ are cap- 
able of converting a very appreciable amount of glucose into lactic 
acid. Whether or not lactate will accumulate in the blood of a heart- 
lung preparation depends upon the volume of blood, the size of the 
heart and the type of lung ventilation. Ventilation of the lungs with 
5 to 10 per cent CO, mixtures causes a fall in the pH of the blood 
which, by retarding glycolysis, tends to a reduction of blood lactate. 
Given a normal heart of about 100 grams with a total blood volume in 
perfusion of 800 cc. it may be said that 114 mgm. of lactic acid will be 
formed by glycolysis per hour, the heart will remove 234 mgm./hr. 
resulting in an hourly loss of 120 mgm. of lactic acid, which is equiva- 
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lent to a fall of 15 mgm./100 ce./hour. Out of a great number of vary- 
ing results, this perhaps sums up the situation and indicates the factors, 
the interplay of which results in a normal balance between glucose and 
lactic acid in the blood under such experimental conditions. It is 
clear when discussing carbohydrate metabolism of the heart that oxy- 
gen determinations should be regarded as the sum of glucose and lactic 
acid burned. When the sum of glucose and lactate is taken, and since 
they have the same formulae and a common metabolic history they 
should so be taken, the fluctuations so common to glucose estimations 
become greatly reduced. Riihl (1934), Evans et al. (1934) and others 
have shown that there is a definite relation between the concentration 
of these substances and their uptake by the heart. Plotting the usage 
in milligrams per 100 grams of heart per kilogram in work done against 
the concentration of each constituent, Evans has shown that the rela- 
tion is a closer one for glucose than for lactic acid and he has stated 
that there is ample room for speculation as to what factors there may 
be other than the concentration of the constituent. A general con- 
formity of results is seen by summing the uptake by the heart of these 
two substances and noting the average figures for the oxygen utilization 
of the heart-lung preparation from three different laboratories. Star- 
ling and Evans (1914) found the oxygen utilization to be 3.24 cc., 
Cruickshank and Startup (1933a) 3.96 cc. gnd Evans, Grande and Hsu 
(1934) 2.82 cc./g.hour. Discrepancies are further reduced when the 
average duration of the experiment is noted, namely, 1.4, 1.0 and 2.0 
hours respectively, for, as the blood sugar falls, the heart quickly resorts 
to other sources for its energy needs. 

The R.Q. of the mammalian heart. Unless an accurate respiratory 
quotient of the heart is determined, it is impossible to determine 
the partition of oxygen utilized between the possible sources of energy, 
carbohydrate, protein and fat. Experiments upon the gaseous metab- 
olism of the excised perfused heart, using the methods of Langendorf 
or Heymans and Kochman are open to so much criticism that they 
need not be referred to here. A certain amount of controversy has 
arisen over the question of the validity of R.Q. determinations par- 
ticularly in eviscerate preparations. It is frequently suggested that the 
observed R.Q. is not reliable as a guide to the nature of oxidative 
metabolism because of the variations in the CO, output which may 
occur from changes other than those of oxidation (Verzar, 1911; Murlin, 
Edelmann and Kramer, 1913; Krogh, 1923; Kilborn, 1928; Kilborn, 
Soskin and Thomas, 1928; Bornstein, 1929; Ferguson, Irving and 
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Plewes, 1930; Anderson, Cleghorn, Macleod and Peterson, 1931). It 
is known that overventilation will cause an increase in lactic acid 
(Eggleton and Evans, 1930) and it has been demonstrated that there 
may be a very close relation between CQO, displaced from combination 
in the blood by lactic acid formation and the respiratory quotient 
(Peterson, 1933). It is, however, maintained by some that a respira- 
tory quotient of unity can be secured in the eviscerate preparation if 
overventilation be excluded and if the blood sugar be maintained at 
the normal content (Bornstein, 1929; Corkhill, Dale and Marks, 1930). 
With regard to the R.Q. of the isolated perfused heart, it is essential 
if respiratory quotients of unity are to be obtained, that the blood sugar 
be maintained and the pulmonary ventilation be minimal (Cruick- 
shank, 1934). The early experiments which aimed at determining the 
R.Q. of the heart (Evans, 1912-13; 1913-14; Starling and Evans 
1914-15) showed variations, during experiments of from one to five 
hours’ duration, from unity to 0.60 with an average of 0.85. What was 
shown was that much depended upon the previous feeding of the 
animal, that glucose raised the R.Q. of the heart, if not to, at least 
towards unity and that the heart did not rely entirely on carbohydrate 
for fuel. Of the recent work, that of Cruickshank and Startup (1933a) 
would indicate that a R.Q. of unity can only be expected in the pres- 
ence of an adequate supply of glucose. Where the blood sugar is al- 
lowed to be depleted by the actively beating heart, the R.Q. begins 
to fall when the blood sugar is approximately less than 50 mgm. per 
cent. Where no glucose is added to the circulating blood and where 
one or more hours are allowed to pass before estimating the R.Q., then 
it will never be found to be unity (Bayliss, Miiller and Starling, 1928; 
Cruickshank and Startup, 1933a, b). Progressive hypoglycemia re- 
sults in a fall in CQ, production with practically no change in oxygen 
utilization, and therefore a fall in the R.Q. The rate of fall of the 
R.Q. depends upon the original blood sugar, the extent to which glyco- 
gen may be utilized and the activity of the heart. Heart glycogen is 
not readily lost (Visscher and Mulder, 1930). With a fall of blood 
sugar to 50 mgm. per cent oxygen utilization is reduced from 3.96 to 
3.00 cc./g./hr. In a period of 2 to 2} hours during which the blood 
sugar has disappeared, the CO, production may show a 50 per cent 
fall, the oxygen a 20 per cent fall and the R.Q. will be between 0.68 
and 0.71. If the aglycemic condition be produced rapidly by the addi- 
tion of 5 units of insulin half-hourly to the perfusing blood, the R.Q. 
will be at or below 0.70 within 30 to 45 minutes depending upon the 
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size of the heart, the blood volume, the original blood sugar content, 
and the degree of oxygenation of the blood. It has been shown that in 
insulin or adrenaline aglycemia (Cruickshank and Startup, 1933b; 
Cruickshank and McClure, 1936) there is no loss of cardiac glycogen, 
that in 2 hours oxygen utilization may rise from 5 to 8 per cent and 
CO, production fall 30 to 35 per cent while the R.Q. is at 0.7 within an 
hour. Such results bear out the fact, which holds for the frog’s heart 
as well as the mammalian, that sources, other than carbohydrate, 
must be immediately available for cardiac activity and that under 
physiological conditions carbohydrates may be utilized in proportions 
of the total sources of energy varying from 40 to 100 per cent. 

The action of insulin on the gaseous metabolism of the heart. That the 
glucose utilization of the heart is increased by insulin is the opinion of 
a majority of workers (Hepburn and Latchford, 1922; Burn and Dale, 
1924; Cruickshank and Startup, 1933a; Cori and Cori, 1926; Evans, 
Grande and Hsu, 1935); a minority states that there is either no change 
or a diminution (Plattner, 1924; Peserico, 1926; Visscher and Miiller 
and Starling, 1927). According to the hypothesis of Evans, supported 
by the work of Cook and Hurst, lactic acid produced by glycolysis in 
the blood is taken up by the heart, skeletal muscle and liver. In the 
heart-lung preparation the lactic acid is most probably oxidized, or, 
what is less likely, it replaces an equivalent amount of glycogen which 
is oxidized. ‘The mechanism of the production and utilization of 
lactic acid in heart-lung preparations is seemingly not affected by 
insulin. It would appear from the work of some (Cruickshank, et al., 
1933a) that the characteristic action of insulin on the heart is the syn- 
thesis of glycogen. This is in agreement with the work of many on 
insulin action (Best et al., 1926; Burn and Dale, 1924; Cori et al., 
1923; Bissinger, Lesser and Zipf, 1923). Insulin may exert a very slight 
pressor effect upon the heart, 12 to 20 mm. Hg for 5 or 10 minutes, but 
such action is of very short duration and any increase in oxidation that 
occurs cannot be entirely attributed to pressor effects. Visscher and 
Miller (1927) using the method for oxygen estimations described by 
Starling and Visscher (1926-27) found that where there was no increase 
in heart rate and where the ventricular diastolic volume did not alter 
appreciably there was no change in oxygen consumption upon the in- 
jection of insulin. It would appear that even where there is an excess 
of carbohydrate in circulation the utilization of oxygen by the heart 
can never be increased more than 3 to 4 per cent (Cruickshank and 
Startup, 1933a). Insulin (Eli Lilly) never shows pressor effects on the 
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pithed cat (K. K. Chen, 1934). Its effect, therefore, in the metabolism 
of the heart is to increase the deposition of glycogen to withdraw 
carbohydrate from the circulating blood and so quickly alter the type 
of metabolism from carbohydrate to fat. This change is equicaloric, 
which is of interest in view of the finding of Cori and Cori (1928) in 
their work on the disappearance of carbohydrate in the post-absorptive 
state in rats, that a change in R.Q. from a normal of 0.82 to 0.94 by 
insulin injection is accompanied by a slight fall in oxygen used and a 
14.8 per cent increase in CO: produced. 

Utilization of fat. The question of the utilization of fat by the heart 
demands a great deal of investigation before any definite conclusions 
can be arrived at. By a process of elimination many have decided 
that muscle activity is dependent upon energy sources other than carbo- 
hydrate. The evidence on the question of the direct oxidation of fat 
by skeletal muscle is contradictory; negative evidence is given by 
Leathes (1906) and Winfield (1915), positive evidence by Lafon (1906), 
Palazzola (1912), Benedict and Cathcart (1913), Krogh and Lindhard 
(1920) and Takane (1926). Investigations upon the R.Q. of resting and 
contracting muscle and the sartorius muscle poisoned with iodoacetic 
acid would indicate the ability of this tissue to burn fat (Himwich and 
Castle, 1927; Himwich and Rose, 1929; Meyerhof and Boyland, 1931) 
and would also show that fat is undoubtedly utilized in exercise (Zuntz, 
1911; Anderson and Lusk, 1917; Hill, Long and Lupton, 1924; Rapport 
and Ralli, 1928; Rapport, 1929 and Gemmell, 1934). Such results 
would make it not improbable that the heart should be able to burn 
fat. The question, like many others, must be decided by work on the 
mammalian heart. The hearts of dogs previously fed for several days 
on a diet consisting largely of butter, generally show very low respira- 
tory quotients (Evans, 1914). The fact that in isolated perfused hearts 
where the blood sugar has been reduced almost to zero, respiratory quo- 
tients of 0.7 have been obtained over periods of one to two hours’ 
duration, is indicative of the ability of the heart to burn fat. As 
Cruickshank and Startup say of the aglycemic heart, “when a heart 
maintains a rate of 160 beats per minute, a blood pressure of 90-100 
mm. Hg for three hours with not a trace of blood sugar and an R.Q. 
varying between 0.72 and 0.68 with an average over five 30-minute 
periods of 0.699, then there is no question of the ability of the isolated 
heart muscle to utilize fat.”’” From further investigation upon the 
R.Q. of the diabetic heart, it would seem that this is a direct oxidation 
of fat and not a burning of fat by way of carbohydrate. In an attempt 
to correlate fat and amino-acid utilization, Cruickshank and McClure 
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(1936) have failed to secure evidence of amino-acid utilization and since 
the preparation is aglycemic, shows no evidence of any derangement of 
fat metabolism as indicated by the diminution of acetone bodies in 
the blood and the loss of fat from the heart muscle, they suggest that 
in so far as deductions may reasonably be drawn from their results 
the balance of experimental evidence is in favor of a direct burning of 
fat by the cardiac muscle. 

Gaseous metabolism of the diabetic heart. Numerous investigators 
have shown that the totally depancreatized animal has a respiratory 
quotient of 0.7 (Starling and Evans, 1914-15). The heart of such an 
animal is either oxidizing fat directly or converting fat into carbo- 
hydrate and burning it as such. Much controversy has arisen round 
the question as to what is the precise metabolic error responsible for 
diabetes. A transformation of fat into carbohydrate was regarded by 
Lusk as a superstition, while the possibility of such transformation 
and the formation of intermediary bodies of importance in carbohydrate 
metabolism was tenaciously maintained by Macleod. One cannot 
here discuss the question as to whether the essential feature of diabetes 
is a failure of the organism to oxidize sugar or an over-production of 
carbohydrate from fat, but, one may briefly look at the evidence which 
more recent work on the diabetic heart supports and try to decide 
to what extent such evidence on the isolated heart may be valid as a 
contribution to the solution of this vexed question. 

It is a curious and unexplained fact that the diabetic heart has a 
glycogen content 30 to 50 per cent greater than the normal; average 
figures may be taken as 0.60 and 1.25 g./100 g. for normal and diabetic 
hearts respectively (Knowlton and Starling, 1912; MacLean and Smed- 
ley, 1913; Cruickshank, 1913; Kosterlitz, 1933; Cruickshank and 
Startup, 1934). The high figures recorded for the glycogen content 
of the diabetic heart, would tend to the conclusion that the heart had 
lost completely the power of utilizing its reserve carbohydrate but not 
the power of synthesizing glycogen. A consideration of how the 
diabetic heart (i.e., from a dog, seven days’ diabetic) responds to 
insulin, reveals certain clean cut facts. It is seen that upon the addi- 
tion of 10 units of insulin, the respiratory quotient is rapidly raised 
from 0.7 toward unity. This is associated with a 30 to 40 per cent 
increase in CO: production and a 5 per cent increase in oxygen con- 
sumption. The significance of such changes is best seen from an 
example. A normal heart-lung preparation in hyperglycemia has an 
oxygen consumption of 4.4 cec./g./hour: a diabetic heart-lung with 
R.Q. = 0.71 has an oxygen consumption of 5.00 cc./g./hour. The 
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addition of insulin raises the R.Q. to unity within one hour and the 
oxygen utilization is changed from 5.00 to 5.14 ec./g./hour. Of an 
entirely different order are the changes in CO, production. For this 
change in the R.Q., the CO. production has shown a 40.6 per cent in- 
crease, from 3.62 cc. to 5.09 cc./g./hour. Such results are only secured 
in dogs which are markedly diabetic and dogs are not markedly diabetic 
less than 6 or 7 days after depancreatectomy. The experimental results 
and conclusions of Yater, Markowitz and Cahoon (1933) are open to 
criticism. There is indeed no foundation for the assumption that the 
utilization of sugar by the resting skeletal muscle is comparable to that 
of the diabetic muscle, skeletal and cardiac, for it is known that the 
isolated heart-lung progressively loses its power to burn sugar as the 
preparation is made from animals from two to nine days after total 
depancreatectomy (Cruickshank and Shrivastava, 1930). There is, 
however, no loss of power on the part of the diabetic heart to utilize 
lactate (Evans, Grande, Hsu, Lee and Mulder, 1935). From such 
results it is fair to conclude that there is under insulin a rapid equi- 
caloric shift from fat to carbohydrate in the metabolism of the diabetic 
heart. It is a shift suggested by many as a usual result of insulin in 
experimental animals (Dale, 1923, Krogh, 1923; Minkowski, 1924; 
Macleod, 1924, 1926). A similar shift has been described for diabetic 
patients by Fitz, Murphy and Grant (1922). Is the change in the 
metabolism of the diabetic heart due to restoration of carbohydrate 
oxidation or the cessation of the over-production of carbohydrate from 
fat? If it were the former we should expect 1, a rise in the R.Q.; 
2, an increase in CQO: production; 3, little or no change in oxygen utili- 
zation; 4, an increase in sugar utilization from zero to normal; if the 
latter, the following events would occur: 1, a rise in the R.Q.; 2, a 
decrease in oxygen utilization; 3, no change in CO, production; 4, an 
increase in the rate of disappearance of the sugar from the blood, i.e., 
from a minimal figure up to the normal for the heart. The following 
figures are self-explanatory (Cruickshank and Startup, 1934). 


Weight of heart = 50 grams. Glycogen content = 1.49 grams per cent. 
Blood volume = 530 cc. 
Dog 7 days diabetic. 
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as ceimeneaai CO: Oz R.Q. sue an : Di nr oll CALS. | INSULIN 
ec./g./hr. ec./g./hr. mgm./g./hr.| mgm./g./hr. q. he. ; units 
1 3.46 4.84 0.71 0.63 0.08 22.70 | None 
2 4.27 5.12 0.83 4.13 2.80 24.72 | 5 
3 4.88 4.86 1.00 8.01 6.48 | 24.52 5 
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The increase in CO, production, coupled with the lack of any change 
in oxygen consumption lends no support to the hypothesis that insulin 
controls neoglucogenesis from fat in cardiac muscle, but supports the 
view that the primary defect in the diabetic heart is a failure in the oxi- 
dation of carbohydrate. Thé crucial experiment must, however, be 
on the whole animal and those results, however interesting they may be 
do not afford a basis for argument for or against the hypothesis of 
Macleod (1928) that the low R.Q. in diabetes is due to the excess of 
oxygen required for the production of carbohydrate from fat and that 
the function of insulin is to prevent the over-production of carbohydrate 
from fat. 

PHOSPHORIC ACID METABOLISM. ‘The earlier research on phosphoric 
acid metabolism was carried out without any attempt to relate results 
to the total metabolism of the heart. It was soon seen that the active 
heart contained more free phosphorus than the resting one and that the 
extra phosphorus produced was dependent not on the work of the heart 
but rather on the rate of contraction. To the fact that the cold-blooded 
heart could continue its activity without oxygen became added the even 
more important fact that the phosphoric acid breakdown was an 
anaerobic process. This breakdown was regarded not as a source of 
energy but as an essential part of the process of muscle contraction, 
Wertheimer stating in 1930 that “phosphoric acid breakdown is a meas- 
ure of anaerobic cardiac activity.”’ In making very accurate com- 
parison of the phosphorus (P20;) content of resting and active strips 
from the ventricle of the frog, Wertheimer (1930) has shown that the 
phosphate is increased by activity, and that this takes place under 
anaerobic conditions. Later, Wertheimer (1931) suggested that during 
activity the heart resynthesized phosphate in a chemical formation 
which could be easily broken down and inferred further that activity 
did not cause any increase in inorganic phosphorus. The researches 
of Lundsgaard (1930) have shown that the energy for muscular contrac- 
tion is derived from phosphagen hydrolysis, not from glycolysis, and 
that phosphagen is synthesized at the expense of glycolysis. Poisoning 
by iodo- or bromo-acetic acid or by fluoride resulted in a failure of the 
resynthesis of creatine and phosphoric acid and ultimately led to a 
disappearance of phosphagen from the muscle. In assessing values to 
creatine phosphoric acid determinations and in, as is legitimate, making 
close comparison between cardiac and skeletal muscle, it should be 
remembered that cardiac muscle contains but one-tenth of the creatine 
phosphoric acid of the skeletal muscle (Eggleton and Eggleton, 1929). 
In poisoning by iodo-acetic acid Wertheimer could find no decrease in 
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the creatine phosphoric acid of strips of the frog’s ventricle, either at 
rest or in action, nor was there any decrease in strips beating for seven 
to nine hours in Ringer’s solution and he doubts therefore the advisa- 
bility of regarding creatine phosphate as an ‘‘activity’’ substance. But 
there is no need to expect a diminution of phosphagen in an active heart 
muscle contracting in oxygen. Wertheimer did not discuss anaerobic 
activity. The result of researches on the various phosphate fractions 
in the actively beating heart has been to show that there is essentially 
no change in these. The conclusion of Wertheimer in 1931 that the 
creatine phosphoric acid which plays so important a part in skeletal 
muscle contraction, has no part in the development of energy in the 
normally beating heart is not now tenable. The interest aroused by 
the changes in creatine phosphoric acid in muscle was the forerunner of 
a vast amount of biochemical research into the complicated chemical 
reactions upon which the oxidation of glycogen or glucose as sources of 
muscle energy depended. Cardiac muscle metabolism may or may not 
parallel that in skeletal muscle. Results as far as they at present go 
would indicate that for frog’s heart a parallelism exists. For the 
actively beating mammalian heart it may not. The differences of 
opinion upon ammonia production lead one to point to the fact that 
with the frog’s muscle, skeletal and cardiac, all the work has been 
carried out upon a perfused tissue not in a strictly physiological en- 
vironment. The relation between carbohydrate and phosphoric acid 
metabolism has of recent years been extensively reviewed (Fiske and 
Subbarow, 1925; Meyerhof, 1930; Milroy, 1931; Needham, 1932; 
Parnas, 1931, 1932; Parnas, Ostern and Mann, 1934). Similar rela- 
tions in cardiac muscle have not received a like attention. Ostern 
(1930) has stated that ammonia production is proportional to cardiac 
activity. 

What, one may ask, should be expected to occur in a physiologically 
active mammalian heart excepting that adenosine triphosphoriec acid 
functions as a phosphorus donator, and adenylic acid as a phosphorus 
acceptor? (Parnas et al., 1935; Needham and Heyningen, 1935; 
Lohmann and Meyerhof, 1934.) Following the breakdown of creatine 
phosphate the liberated phosphorus is accepted by adenylic acid and 
A. T. P. is formed. Glucose produced by hydrolysis of glycogen is 
phosphorylated to form fructose diphosphate, from which dihydroxy- 
acetone is formed. Enzyme action results in the formation of phospho- 
glyceric acid and phosphopyruvic acid from which latter compound the 
phosphorus is released to be taken up by the adenylic acid. The 
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A. T. P. again formed donates phosphorus for the resynthesis of phos- 
phagen and so the circle is completed. All the energy arising from 
these complicated reactions is dependent upon the presence of A. T. P. 
It is clear therefore that in such an anaerobic cycle neither inosinic acid 
nor ammonia need be produced. Only in the event of a failure to have 
a complete resynthesis of A. T. P. would free adenylic acid be present 
and under such an abnormal! condition adenine may be deaminated to 
hypoxanthine and ammonia and inosinic acid be produced. Further 
results of the failure of complete resynthesis of A. T. P. would be, a 
diminution of phosphagen due to the lack of a prompt rephosphoryla- 
tion of creatine to form phosphocreatine, a much greater depletion of 
glycogen reserves, an increase in orthophosphate, all of which would 
be accompanied by a progressive failure of the heart. The rdéle of 
creatine phosphoric acid and A. T. P. as phosphorus donators and 
adenylic acid as a phosphorus acceptor, in the chain of chemical proc- 
esses of muscle contraction, is clearly one which concerns the velocity 
of reaction and the chronaxie of muscle. In conditions of anaerobic 
iodo-acetic poisoning one would expect the phosphocreatine content of 
the muscle to fall, the creatine to increase, the A. T. P. to be unchanged 
and no ammonia to be formed. With excessive fatigue where oxygen 
debt is marked and where the resynthesis of A. T. P. would fall behind 
the formation of the products of glycogen breakdown, there would be 
an increase in lactic acid, creatine and probably ammonia. From the 
work of Needham and Heyningen on the co-enzyme function of adenylic 
compounds it is apparent that adenylic acid is the essential factor (P. 
acceptor) in dephosphorylation of phosphopyruvic acid, that A. T. P. 
is the donator in the initial stage of glycogen breakdown. The work 
of Lohmann (1935) on the presence of adenylpyrophosphate and 
adenosinediphosphate in heart muscle is of interest in this connection. 


Phosphagen content of the heart. To determine if the frog’s heart © 


(R. Ese. Hungary) beating for twenty-four hours in oxygenated buffered 
Ringer’s fluid showed any change in its phosphorus content, the acid 
soluble phosphorus was measured in five fractions by Clark, Eggleton 
and Eggleton (1931) by the method of Eggleton and Eggleton (1929). 
No change was found, but when oxygen was displaced from the fluid 
and the tissue by a constant stream of nitrogen there occurred a rapid 
loss of phosphagen with a corresponding increase in the orthophosphate 
fraction. The readmission of oxygen caused a quick and complete 
reversal to the normal amounts. The difficulty of accurately weighing 
such small amounts of tissue as a frog’s heart was somewhat minimized 
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by expressing the physiological condition of the muscle in terms of the 
ratio phosphagen P/inorganic P. It has been found that in a nor- 
mally active heart the sum of these two substances has always remained 
approximately constant. Experiments performed on the quiescent 
and active tortoise auricle go to show that the beating heart loses its 
phosphagen more rapidly than the quiescent heart. While the frog’s 
heart is very susceptible to oxygen lack, it can be kept beating anaer- 
obically for almost an hour if the perfusion fluid be alkaline. Under 
such conditions there is a diminution but not a complete disappearance 
of phosphagen and it would appear that both for the ventricle of the 
frog and tortoise a minimum of 0.55 mgm. of phosphagen P. per 100 
grams of heart muscle is sufficient for activity under anaerobic condi- 
tions. It is assumed therefore that since this amount of phosphagen 
is maintained over long periods of oxygen lack that resynthesis of 
creatine phosphoric acid taking place in diastole keeps pace with its 
breakdown in systole. Clark, Eggleton and Eggleton (1932) state 
that the heat evolved per beat of the frog’s heart may be taken as 
approximately 6.5 X 10-* calories (that is, taking the calorific value of 
oxygen as 5 calories per cubic centimeter irrespective of foodstuffs 
burnt and the oxygen utilization of the heart as 1.3 c.mm. per beat per 
gram of tissue). The resting metabolism of the heart is approximately 
one-quarter of the metabolism of the heart in moderate activity there- 
fore the heat production due to contraction and relaxation would be 
approximately 5 X 10-* calories per beat per gram of tissue. Meyerhof 
(1930) has given the figure for the heat of hydrolysis of phosphagen 
obtained by acid hydrolysis as 11,000 calories per g. mol. (31 g. P.). 
In skeletal muscle the heat of contraction approximates the heat of 
recovery: the heat of contraction therefore under anaerobic conditions 
would not be more than 2.5 X 10-* calories and this would be equivalent 


’ to 0.0070 mgm. phosphagen P. hydrolyzed during contraction. This 


minimal amount of phosphagen is equivalent to 0.70 mgm. per cent 
in the heart muscle. The phosphagen index under aerobic conditions 
is for the frog’s heart 0.6, for the tortoise 1.0. When phosphagen has 
been reduced to the minimal amount mentioned the phosphagen index 
is reduced to variable but extremely low figures, 0.10 to 0.01. Results 
of a similar kind have been secured by Cruickshank et al. (1935) for the 
mammalian heart. They show that the phosphagen index is an index 
of the physiological condition of the heart, that in asphyxia and in 
aglycemia there is a failure of resynthesis of creatine phosphate, that 
amino-acids, such as glycine, do not prevent the decrease of phosphagen 
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and that insulin hastens the reduction of the phosphagen index towards 
zero. It is of interest to note that these findings apply particularly to 
the mammalian ventricle and not to the auricle. 


TABLE 1 


Showing phosphagen and orthophosphate mgm./100 g. and the phosphagen index for 
normal and asphyxiated cardiac and skeletal muscle 








TISSUE a Bennen® ‘PHOS PHAGEN AUTHOR 
, N. |51.3 | 14.1 | 3.60 | Eggleton and Eggleton 
Frog’s skeletal muscle... { a 0.0 | 87.0 | 0.00 (1929) 
, ; N. | 9.4 | 9.5 | 1.00 | Clark, Eggleton and Eg- 
Tortoise auricle.......... A. | 2.7 |17.010.16 gleton (1932) 
; , N 5.0 5.0 | 1.00 | Clark, Eggleton and Eg- 
Tortoise ventricle........ A 0.61! 9.110.07 gleton (1932) 
: : N. | 7.3 | 11.6 | 0.63 | Clark, Eggleton and Eg- 
Frog’s ventricle.......... A. 0.9 | 12.31|0.07 gleton (1931) 
Galhen pia’ eheart:...:.. { . 5.2 | 27.5 | 0.19 — and Eggleton 
*Cat’s heart N. | 6.0 | 26.7 | 0.22 | Cruickshank, McClure 
i + ids plan oak Bhs A. 0.0 | 52.4 | 0.00 and Mackintosh (1935) 
*Dog’s heart N 5.3 | 27.6 | 0.19 | Cruickshank, McClure 
- i_atiee 4 ian tla e A 2.6 | 39.2 | 0.06 and Mackintosh (1935) 
tin nhiieaadaiate N. | 4.9 | 28.0 | 0.18 | Cruickshank, McClure 
. paar hi la A. | 1.6 | 39.7] 0.04 | and Mackintosh (1935) 
ate aaah N 5.4 | 27.7 | 0.195) Cruickshank, McClure 
S eeesssee V1 al | 4,7 | 27.410.171| and Mackintosh (1935) 




















N = normal oxygenation. A = asphyxia. 
* Unpublished results. 


The action of todo-acetic acid. The loss of power to contract follow- 
ing rapidly upon the addition of iodo-acetic acid to the fluid perfusing 
a heart under anaerobic conditions results in a final state of permanent 
contracture associated with a complete loss of phosphagen. The phos- 
phagen index (phosphagen P/orthophosphate P) falls from 0.60 (frog) 
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or 1.0 (tortoise) to any point between 0.25 and zero. It is emphasized, 
however, that the loss of mechanical function is not accompanied by a 
parallel loss of residual phosphagen; only when the heart has ceased to 
beat does the phosphagen disappear and the disappearance is not 
complete until the final state of permanent contracture has set in 
(Clark, Eggleton and Eggleton, 1932). The anaerobically beating 
heart has failed under these conditions because the iodo-acetic acid has 
specifically struck at the anaerobic mechanism available for the supply 
of energy for resynthesis of creatine phosphoric acid. The point of 
action of iodo-acetic acid and fluoride is at the change from phospho- 
glyceric acid to phosphopyruvic acid (Embden and Deuticke, 1934; 
Lohmann and Meyerhof, 1934). As long as this anaerobic process is 
available the heart will beat, however feebly; when it is not available 
the heart stops. The aerobic heart has alternative sources of energy 
for this resynthesis. The loss of phosphagen is accompanied by a 
parallel loss of mechanical activity if the perfusion fluid is unbuffered 
and neutral, but the loss in mechanical activity is greatly delayed re- 
maining at 80 per cent of its normal for at least one hour by the use of 
Ringer’s fluid buffered with bicarbonate. 

The co-ferment-system in cardiac muscle. The isolation of adenylic 
acid by Embden and Zimmermann (1927) pointed the way to a thor- 
ough investigation of nucleic acid compounds in skeletal and cardiac 
muscle. In 1929 the barium and silver salts of adenylpyrophosphoric 
acid from skeletal muscle were isolated by Lohmann, and Fiske and 
Subbarow respectively. The presence and physiological action of 
adenine compounds in the heart have been investigated by Drury and 
Szent-Gyoérgyi (1929-30) and Bennet and Drury (1931). They affirm 
that the substance which they have isolated from the mammalian heart 
is identical with and closely related to adenylic acid. They found 
that the substance isolated had an action identical with adenosine 
prepared from yeast nucleic acid, that it is inactivated, by removing 
the inert carbohydrate group (leaving adenine), by withdrawing the 
amino group (leaving inosinic acid) by placing it in a different position 
(guanosine) and by changing the phosphoric acid linkage. It is known 
that adenylic acid is rapidly deaminated by muscle tissue under cer- 
tain conditions (Embden, Riebeling and Selter, 1928) and it has been 
shown that muscle adenylic acid is more rapidly deaminated than yeast 
adenylic acid, adenine, etc. (Schmidt, 1928). Drury has shown that 
adenylic acid produces heart block in the guinea pig, bradycardia in 
the dog and cat, lengthens the conduction time between auricle and 
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ventricle and shortens the absolutely refractory period of the auricle. 
Pohle (1929) isolated adenylic acid from ox heart muscle (1 g. from 
5 kgm. muscle) and stated that this acid was not identical with yeast 
adenylic acid but was identical with that isolated from frog’s skeletal 
muscle by Embden and Schmidt (1929). In 1931 Lohmann isolated 
from skeletal and cardiac muscle adeninenucleotidepyrophosphoric 
acid to which he gave the shorter name adenylpyrophosphoric acid. 
According to Beattie, Milroy and Strain (1934) the nucleotide of 
cardiac muscle differs chemically from the adenosinetriphosphoric acid 
of voluntary muscle, being more closely allied to a dinucleotide com- 
posed of one molecule of adenosinediphosphoric acid and one molecule 
of adenosinetriphosphoric acid. It is known that the glycolytic fer- 
ment in voluntary muscle consists of a colloidal ferment and a co- 
ferment adenosinetriphosphoric acid (Meyerhof and Lohmann). The 
dinucleotide has been tested as a co-ferment on cardiac extracts from 
lambs’ hearts acting on artificial substrates of starch and glucose with 
orthophosphate. Experiments by Strain (1934) have shown that fresh 
extracts with ice-cold saline are active for several hours, but after 24 
hours’ incubation at 4°C., when there is no further. production of esters 
or of lactic acid, the addition of a small amount of the cardiac dinucleo- 
tide or the adenosinetriphosphoric acid of skeletal muscle restores 
activity. It is noteworthy here that the cardiac dinucleotide has a 
much more powerful co-ferment action in reactivating ferment extracts 
from both skeletal and cardiac muscle than adenosinetriphosphoric 
acid from skeletal muscle. The presence in cardiac tissue of a nucleo- 
tide comparable in function to the adenylpyrophosphoric acid of 
skeletal muscle may be regarded as definitely demonstrated. 
AMMONIA PRODUCTION AND AMINO-ACID UTILIZATION. Investigation 
of the ammonia content of and ammonia production in cardiac muscle 
is the outcome of the work done on ammonia formation in skeletal 
muscle. That ammonia appears in muscle and fluids by which muscle 
or organs have been perfused has been demonstrated by many (War- 
burg, Posner and Naglein, 1924; Winterstein and Hirschberg, 1925; 
Embden, 1927; Embden and Schumacher, 1929; Lehnartz, 1929). 
That activity of skeletal muscle is generally associated with the pro- 
duction of ammonia was first experimentally noted by Embden, Riebel- 
ing and Selter (1928) and again by Embden and Schmidt (1930). 
These workers stated that the ammonia formed was derived from the 
breakdown of adenylic pyrophosphoric acid. Parnas (1928) stated that 
the predominant base in muscle from which ammonia could be produced 
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by deamination was adenine nucleotide and he noted that damage to 
the muscle caused a rapid production of ammonia. That the purine 
content of the blood of an animal corresponds to its ability to produce 
ammonia was put forward by Mozolowski (1928). 

Embden and Schmidt (1930) showed that ammonia was produced 
by enzyme action in frog’s and rabbit’s muscle by deamination of 
adenylic acid and not from adenosine, and that the amount of ammonia 
produced was equal to that obtained by autolysis of untreated muscle 
preparations in the presence of sodium bicarbonate. That no ammonia 
can be found in fresh blood (Conway, 1935) and that nitrogen is split 
off from adenine nucleotide as carbamic acid and not as ammonia 
(Freund and Lustig, 1931) are opinions opposed by Parnas (1931) and 
by Parnas and Ostern (1932), who hold that ammonia formation in the 
surviving frog’s heart is not associated with any loss of adenine nucleo- 
tide and that the ammonia split off is not utilized for restitution of the 
nucleotide. Experiments upon the perfused beating heart of the frog 
have generally shown that ammonia can be recovered in the perfusion 
fluid. Ostern (1930) in eight experiments on frogs’ hearts beating 32 to 
38 per minute and kept moist with Ringer’s solution found ammonia 
production vary from 0.0064 to 0.0125 mgm./g./hour. Clark, Gaddie 
and Stewart (1931) showed that the perfused heart of the frog pro- 
duces 0.027 mgm. NH; nitrogen in 24 hours, the average weight of the 
heart being 0.196 gram. This means that the frog’s heart produces 
ammonia at the rate of 0.0056 mgm./g./hour. In discussing the ques- 
tion as to the non-utilization of ammonia produced from the breakdown 
of pyrophosphoric acid (adenyltriphosphoriec acid) and the source of 
the ammonia necessary for restitution of the A. T. P. one must consider 
the conditions of the experiment. In perfusion by Ringer’s solution of 
a frog’s heart suspended in air a certain amount (0.005-0.01 mgm.) 
of ammonia is lost by diffusion into the atmosphere in 24 hours (Clark 
et al.). This, however, cannot be taken as conclusive proof of the 
production and subsequent non-reutilization of ammonia; it is proof 
of a loss of ammonia which may not necessarily take place under nor- 
mal circulatory conditions. Particularly noteworthy in this connec- 
tion is the rapidity with which ammonia is produced by damaged 
cardiac and skeletal muscle. From a normal ammonia content of frog’s 
heart of 1.4 mgm. per cent crushing of the muscle may lead to a pro- 
duction of ammonia which is two-fold in five minutes and may continue 
to be excessively produced over a period of seven hours (Ostern, 1930). 
Heart muscle, it would appear is much more active in producing am- 
monia following cellular damage than is skeletal muscle. 
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There has been a good deal of controversy over the question of the 
utilization of ammonia. Parnas (1930) and his fellow-workers maintain 
that the ammonia produced by the heart is not used in resynthesis of 
A. T. P. but that resynthesis is brought about by the use of ammonia 
from amino-acids. This corroborates previous work from Parnas’ 
laboratory (Nachmansohn, 1928; Mozolowski, 1928). Embden (1931) 
and his school maintain the possibility of a reversal action (Embden, 
Carstensen and Schumacher, 1928; Embden, Riebeling and Selter, 
1928). According to the work of Clark, Gaddie and Stewart (1931) 
the isolated heart of the frog does utilize amino-acids, giving rise to an 
increase in ammonia production. Oxygen consumption was not 
thereby increased. The R.Q. was raised when glycocoll or alanine was 
added to the perfusion fluid; glycocoll raised the R.Q. from 0.86 to 
0.94, alanine raised it from 0.855 to 0.95, leucine lowered the R.Q. from 
0.85 to 0.83. Quantitative examination of the figures given in support 
of protein metabolism of the heart gives less satisfactory results than 
those quoted. One must bear in mind the minute quantities estimated 
and the difficulties of accurate oxygen and CQ, estimation. In the 
heart-lung preparation of two hours’ duration, it would appear that 
under aerobic conditions the ammonia content of the circulating blood 
is slightly reduced (Bassani, 1934; Klisiecki, 1934; Cruickshank and 
McClure, 1936). According to Klisiecki there is, under normal aerobic 
conditions, a reutilization of ammonia by the heart muscle and the 
lungs and only in the later hours of perfusion, when anaerobic condi- 
tions obtain, is there any production of ammonia by the heart as evi- 
denced by an increase in the blood ammonia. 

The question as to whether the isolated heart muscle can make use 
of ammonia derived from added amino-acids or not depends upon the 
answer to the question as to whether or not cardiac muscle will deami- 
nate added amino-acids. If the utilization of glycine, alanine, glutamic 
acid or aspartic acid by muscle would result in the formation of am- 
monia or urea then sugar formation and its utilization would cause a 
change in the R.Q. toward unity. It is also sound to conclude that, if 
the aglycemic heart can show an equicaloric change from carbohydrate 
to fat, the change from an R.Q. of 0.7 to unity would involve no altera- 
tion in caloric requirements. This would mean then that there would 
be no change in oxygen utilization. If, as Lusk maintains, certain 
amino-acids upon deamination form glucose, then ammonia formation 
or amino-acid utilization by the living muscle would be accompanied 
by an increase in the sugar in the blood or of glycogen in the heart. 
It has been shown (Cruickshank and Startup, 1933b) that in aglycemia 
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the R.Q. of the heart falls rapidly from 1.0 to 0.7, the rate of change 
depending upon whether insulin is given or not. Under such condi- 
tions the question arises as to whether or not protein is metabolized in 
the course of the transformation from carbohydrate to fat oxidation. 
If an amino-acid such as glycine be utilized by any tissue, sugar, urea 
and oxygen will be formed; the oxygen formed will not be sufficient 
for the oxidation of the sugar but in view of the fact that sugar is being 
burned more CQO, will be produced. According to Ringer and Lusk 
0.5 gram of glycine produces 0.4 gram of carbohydrate which requires 
approximately 300 cc. of oxygen for its combustion. Since, according 
to these authors, 75 cc. of oxygen are formed, then 225 cc. of oxygen 
must be obtained from extraneous sources. Cremer believes that only 
three-quarters of the carbon of glycine passes over into glucose, which 
means that 0.5 gram of glycine would form 0.3 gram of glucose and 
since no oxygen is formed in the breakdown, then for the combustion 
of the carbohydrate 225 cc. of oxygen are required. The implications 
attending amino-acid utilization by heart muscle are best seen by 
considering what would happen if 0.5 gram of glycine were utilized by 
a 50 gram aglycemic heart utilizing 200 cc. of oxygen and produeing 
140 cc. of CO2 per hour. If the aglycemic heart is to revert entirely to 
glycine for its energy needs it must have available from glycine carbo- 
hydrate equivalent to 200 cc. of oxygen, namely, 0.268 gram; that is to 
say 0.445 gram of glycine must be utilized. Further, this would be 
associated with an increase of 60 cc. in CO: to bring the R.Q. to unity. 
The demonstration of the utilization of protein or added amino-acids 
therefore depends upon a record of CO, formation, oxygen utilization, 
sugar formation and combustion, ammonia and urea formation and 
alterations in the amino-acid nitrogen content of the circulating blood. 

The experiments of Cruickshank and McClure (1936) would indicate 
that there is no change in amino-acid nitrogen or in ammonia or urea 
formation which would be commensurate with the amount of carbo- 
hydrate necessary for a glycine utilization by a heart consuming 200 
ec. of oxygen per hour. They conclude that amino-acids are not uti- 
lized by the mammalian heart for they emphasize that with a steady 
oxygen utilization there is a steady fall in CO, produced as the sugar 
rapidly disappears from the blood until the R.Q. reaches 0.7 at which 
point both O, and COs: are practically constant. ‘These results cor- 
roborate earlier findings that the skeletal muscles in activity do not 
produce excessive amounts of ammonia and that they are unable to 
form ammonia from amino-acids (Bollman, Mann and Magath, 1926; 
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Gyoérgyi and Roéthler, 1927; Bornstein and Roese, 1929). Further, 
they lend support to the finding of Kestner (1932) that of all tissues 
cardiac muscle contains the least known amount of proteolytic enzymes. 

‘THE ENERGY METABOLISM OF THE HEART. The energy liberated by 
the heart is utilized to produce heat and to perform work. 

Heat production of the heart. Snyder (1926) has shown that the 
initial heat, that is, the anaerobic moiety of the total heat produced, 
is for Limulus heart, 26 micro-calories for each centimeter length of 
muscle per gram tension per beat; for the frog’s gastrocnemius and 
terrapin’s ventricle the average figures are 28 and 27 micro-calories per 
gram weight of muscle per gram tension respectively. The closeness 
of these figures as well as those for the initial heat tension ratio are 
regarded as evidence that the fundamental contractile substance is 
physiologically the same in these three tissues. An analysis of the heat 
production of the spontaneously beating heart of the terrapin has been 
carried out by Snyder (1928) which is most clearly summed up in the 
following table. The figures express absolute calories X 10-° per gram 
weight of ventricle muscle per gram tension exerted, per beat. 
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These figures which corroborate much previous work (Snyder, 1922 
1926-27) show that the heart of the terrapin will beat under anoxybiotic 
conditions for several hours exerting maximal tensions equal to those 
produced during oxybiosis. The ratio of the initial and delayed 
anoxybiotic heats, namely, 1:0.3 is practically that obtained by Hartree 
and Hill (1922) for similar phases of heat production in sartorius muscle. 
It is of interest to note that the average total heat produced by the 
isometrically contracting ventricle of the terrapin, namely, 7.9 « 10-% 
calories, is comparable with the figure 7.7 X 10-° calories obtained for 
smooth muscle, from the cardiac gastric sphincter of the terrapin 
(Snyder, 1927) and that the average total initial heat for the cardiac 
muscle, 2.5 X 10~° calories compares with the total initial heat of 2.8 x 
10-* calories from the frog’s gastrocnemius (Snyder and Gemmill, 
1925). These figures for the various phases of heat production are 
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comparable with those which have been determined by others for 
skeletal and cardiac muscle contracting isometrically (Gemmill, 1927). 
Mathematical considerations of the energetics and thermodynamics 
of contraction have been discussed by Bohnenkamp (1926) and Bohnen- 
kamp and Ernst (1926). 

Reference has already been made to the phosphagen index as a 
criterion of cardiac efficiency and it is not surprising to find attempts 
being made to demonstrate a relation between the amount of energy 
released by the heart and its phosphagen content (Clark, 1935). There 
is, undoubtedly, a relation between oxygen utilization, phosphagen 
hydrolysis and lactic acid formation. Under conditions of asphyxiation 
of the iodo-acetic acid poisoned frog’s ventricle, there is a definite loss 
of phosphagen from the ventricle and it has been suggested that this 
loss corresponds with the energy expenditure of the heart. The heat 
equivalent of lactic acid formation in cardiac muscle and neutralization 
may vary from 230 to 380 calories per gram depending upon the degree 
to which inorganic salts and protein may be used to neutralize the acid. 
The normal production of 5 mgm. lactic acid per gram per hour by the 
frog’s ventricle corresponds to a heat liberation of from 1.15 to 1.9 
calories per gram per hour. If the energy liberated per beat during 
asphyxia is the same in the iodo-acetic acid poisoned as in the normally 
beating ventricle then the amount of heat produced per gram per hour 
may be related to the amount of phosphagen hydrolyzed. A heat 
liberation of 1.15 to 1.90 calories per gram per hour is equivalent to 
the liberation of 3.24 to 5.85 mgm. phosphagen P which would give, 
with a heart beating at the rate of 15 per minute, 3.60 to 5.94 y phos- 
phagen P per gram per beat. If then the normal rate of lactic acid 
production by the heart be 5 mgm. per gram per hour, there would be 
a production of 5.55 y lactic acid per gram per beat, corresponding to 
an average loss of 4.77 y of phosphagen P. The phosphagen content 
of the normal frog’s heart is approximately 7.0 mgm. per cent, that is, 
10 y of phosphagen P per gram of muscle. From such calculations 
one would conclude that the iodo-acetic acid poisoned and asphyxiated 
ventricle has a very short period of survival. Such calculations can 
scarcely be taken as indicating any close or even approximate corre- 
spondence between the amount of phosphagen used and the energy 
released in the iodo-acetic acid poisoned ventricle contracting anaer- 
obically, or that creatine phosphate is the only or chief source of energy 
production in cardiac muscle. 

Cardiac efficiency. The efficiency of the contraction is determined 
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by the ratio of the thermal equivalent of the work done and the calories 
of heat produced. This can be determined indirectly by comparing the 
total oxygen utilized with the amount of work which has been per- 
formed. It is, however, extremely difficult to evaluate all the factors 
involved in the production of work by the heart. Many attempts 
have been made to assess correctly the static and kinetic factors and 
various formulae have been proposed (Rhode, 1912; Evans and Mat- 
suoka, 1915; Evans, 1918; Katz, 1932). A full account of the work 
done on this aspect of the problem with references to the various 
formulae will be found in the paper by Wiggers and Katz (1928). 
Starling (1915) showed that the normal heart dilates when increased 
work is imposed upon it and that the pathological heart dilates without 
any increased demands being thrown upon it. The physiological sig- 
nificance of this is that the magnitude of energy liberated upon cardiac 
contraction is a function of the length of the muscle fibres of the ven- 
tricles at the end of diastole. If this be so, then the oxygen consump- 
tion of the heart should be determined by the initial length of the 
cardiac fibre and for any one heart the oxygen consumption should 
remain constant for any determined fibre length. In a normal heart 
the diastolic volume should be constant for any given amount of work. 
These are the conditions upon which depend the law of the heart as 
put forward by Starling (1915). There are, however, limits within 
which the law operates; these are determined by the filling or venous 
pressure, the emptying or arterial pressure, the rate of contraction, 
which controls the time of filling and the temperature, which deter- 
mines the rate of relaxation, the energy liberated in and the duration 
of the contraction period (Starling and Visscher, 1927; Moldavsky and 
Visscher, 1938, and Scheinfinkel, 1931). It has been shown that below 
a critical contraction rate and above a critical filling pressure the 
diastolic volume of the ventricle is independent of the arterial pressure. 
This is best elaborated by quoting Moldavsky and Visscher (1933). 
‘‘Whether or not there will be an increase in diastolic volume with in- 
creased arterial pressure depends upon the point on the filling curve 
after systole that a new contraction begins. If the filling curve has 
‘reached its plateau, as occurs at the lower heart rates, the higher 
venous pressures and the higher temperatures, the arterial pressure is 
without effect upon the diastolic volume because the extent of empty- 
ing has no influence upon the level of filling reached in diastole.”’ It 
is clear therefore that the “law of the heart” with respect to adaptation 
to increased pressure load must be modified to include the factors 
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enumerated. Stella (1931) and Peserico (1928) put forward evidence 
for believing that with a constant diastolic pressure, an increase in 
arterial pressure led to increased liberation of energy by the heart. 
While Stella’s conclusions are not generally accepted, his work showed 
that the ratio, (increase of anaerobic energy) /(increase of work done), 
of 1.16 is in agreement with the figures of Hill (1930) which show for the 
frog’s sartorius contracting isotonically against increasing loads, a close 
parallelism between work and anaerobic energy. 

It is known that the tension-time value bears a constant relation 
to heat production in skeletal muscle (Hartree and Hill, 1921) and that 
it is a good index of mechanical activity. It is also known that the 
after loaded muscle when it contracts develops additional energy to 
that produced when it contracts isometrically (Fenn, 1923-24). Ina 
valuable paper on the static and dynamic effort of the heart during 
its ejection phase, Wiggers and Katz (1928) have made use of a method 
whereby they evaluate the mechanical energy of the heart by taking 
into account the changing factor of capacity when examining the 
tension-time values of the after loaded ventricular contraction. They 
have shown that with constant heart rate, increase in initial length of 
the ventricle fibre, which is not excessive and is not accompanied by 
any increase in arterial pressure, leads to a more efficient distribution 
of the energy in that a greater proportion is available for dynamic 
purposes, which may amount to a 30 to 50 per cent increase above nor- 
mal dynamic needs. When initial length remains unchanged, the heart 
rate again being constant and arterial pressure is varied, the velocity 
of ejection of blood is decreased and the kinetic energy is therefore 
diminished. The higher diastolic pressure which results requires a 
greater proportion of the energy to be utilized in the static effort of 
overcoming and maintaining the greater arterial resistance. This 
means that there is an 18 to 35 per cent decrease in the amount of 
energy available for dynamic purposes. ‘The initial length of the ven- 
tricular muscle therefore governs the systolic discharge and regulates 
the economy with which the pressure energy is utilized. There is thus 
present a means whereby cardiac energy may be conserved not only 
when the heart is required to increase its systolic output as a result of 
increased venous inflow, but also when changes in rate or arterial re- 
sistance demands an increase in the work to be done. Diastolic rest 
obtained with a slow heart is not the only factor in maintaining physi- 
ological activity; more important in the development of energy is the 
change in initial length which prolonged diastolic filling secures. In- 
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creased arterial tension per se has been shown to be without any stimu- 
lating effect on the ventricle (Wiggers and Katz). It is important that 
as large a proportion as possible of the developed energy should be 
available for dynamic purposes. The physiological mechanism for the 
conservation of energy in the heart facing stresses and strains is one 
which is responsible for the maintenance of a normal relation between 
energy available for static and kinetic or dynamic purposes. In the 
failing heart the defect is an inability to employ energy for useful and 
necessary work; it is not entirely an inability to liberate the normal 
amount of energy. ‘The failing heart has been found to liberate energy 
in contraction to the same extent at any fibre length as the normal 
heart muscle (Dechard and Visscher, 1933). The implications of such 
findings for clinical medicine are apparent. It is not a question of fuel 
but of repair material, it is not a question of determining what in- 
creases energy production but what conserves energy or maintains tonus 
or efficiency, or in other words, what restores the normal balance be- 
tween static and dynamic requirements. For example, adrenaline will 
cause a great increase in energy output, but a marked lowering of effi- 
ciency (Starling and Visscher), while insulin will restore efficiency 
without any definite increase in energy liberation (Visscher and Miiller, 
1927; Bodo, 1928). 

Oxygen consumption in relation to initial length. Feng (1932) showed 
that oxygen consumption and heat production of resting sartorius 
muscle increased with increase in the length of the muscle fibre, and 
Evans and Hill (1914) had long before shown that heat production in 
the tetanized sartorius muscle increased as the muscle was extended. 
Similar results on the isolated heart were obtained by Starling and 
Visscher, who showed increased oxygen utilization with increase in 
diastolic volume. Smith (1934) has demonstrated that the oxygen 
consumption of active sartorius muscle rises to a maximum when 
the length is increased by 24 per cent of the normal and declines upon 
further increase to 36.5 per cent of normal or minimal length. Such 
data would indicate that ‘the response of both cardiac and skeletal 
muscle to increase in fibre length is identical, since that portion of the 
metabolism not directly associated with recovery from activity becomes 
an increasingly significant part of total metabolism at appreciably 
increased initial fibre length.”’ 
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The physiological chemistry of the blood calcium. The extensive mod- 
ern literature on the réle of calcium in the body is treated at length in 
earlier numbers of these reviews by Stewart and Percival (1928), 
Thompson and Collip (1932), and Schmidt and Greenberg (1935), but 
scant attention is given to the important functions of calcium in blood 
coagulation. For a discussion of this topic it is necessary, briefly, but 
critically, to summarise the salient modern conclusions concerning the 
blood calcium. 

Distribution of calcium in the blood. Technical difficulties and various 
sources of error and misinterpretation have contributed to considerable 
confusion and hampered the reaching of a final verdict regarding the 
exact distribution of calcium in the blood. Apart from a general con- 
sensus of opinion among modern investigators that the data obtained 
prior to 1917 lack the technical accomplishment to rank with the present 
day methods of oxalation and KMnQ, titration, overt suspicion attaches 
to certain techniques, such as that of Lyman, which have enjoyed 
periods of popular usage. It may still be queried whether the estima- 
tion of calcium in whole blood has reached the precision of serum 
methods, and the query is pertinent, inter alia, to the important com- 
parisons by which it is sought to answer the question of the calcium 
content of the blood corpuscles. 

Whole blood. Attention is called to a, difficulties in attaining a re- 
liable technique, and 6, the necessity for including hematocrit values 
with all mineral analyses of whole blood. A representative modern 
series (147) averages 6 mgm. of Ca for 100 cc. of human whole blood, 
with a mean plasma volume of 60 per cent. 

Cells. Abderhalden (1) could find no calcium in the direct analysis of 
washed blood corpuscles. Kramer and Tisdall (86) reviewed the older 
literature and Schmidt and Greenberg (155) the modern data in support 
of the current conclusion that the interior of the corpuscles contain 
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less than 0.5 mgm. per cent of calcium. A number of discrepancies are 
cited by Anderson (3), v. Guldesy (53), and Schmidt and Greenberg 
(155). 

Plasma. There has been a general tendency to ignore differences 
(averaging 1 mgm. per cent, 130) between plasma and serum calcium 
values, although the lack of exact correspondence has been reiterated. 
Native (cooled) plasma, obtained in non-wettable vessels, without the 
use of anticoagulants (cf. 185), was found by Stewart and Percival 
(169) to yield 10 to 20 per cent higher calcium values than the cor- 
responding citrated plasma or serum. Cameron and Moorhouse (22) 
noted a, plasma dilution owing to osmotic effects of the anticoagulant, 
and 6b, a slight precipitation of calcium (as phosphate) owing to dis- 
turbances of the interionic equilibria, as factors tending to lower the 
calcium values for citrated plasma. Hematocrit values (86, 53, 156, 63) 
would appear able to afford the slight correction necessary; or isotonic 
(3.8 per cent, 66) sodium citrate (345 volume) could be used, with suitable 
recalculation of volume. Heparinised plasma has been used occa- 
sionally (23, 103, 185, 82) but insufficient cognizance seems to have been 
taken of the fact that heparin contains appreciable amounts of calcium 
(1.7 mgm., Holt, 67; 2.1 mgm. per cent, Waelsch et al., 185). 
Heiduschka and Schmidt-Hebbel (62) investigated the usefulness of a 
variety of anticoagulants in the preservation of plasma for calcium 
determinations. Calcium precipitants such as fluoride and oxalate 
(cf. Rothwell, 146) were quite unsuitable. Sodium citrate (5 volume 
of 5 per cent solution) required the addition of a correction factor of 
about 1 mgm. percent. Hirudin, Liquoid, and Germanin gave plasmas 
which yielded calcium values closely approximating those of serum. 
Liquoid, Germanin, and Novirudin, as well as citrates, were stated (125) 
to “react with calcium ions in aqueous solutions to form complex 
ions.” 

The foregoing data suggest that values for plasma calcium should be 
regarded critically, notwithstanding their tendency to approximate to 
the serum figures in the hands of a number of the most reliable investi- 
gators. The final word on the ability of calcium to diffuse into cor- 
puscles may not have been said (Guillaumin, 1930; Waelsch, Kittel, 
Busztin, 1935), but the quoted results of analyses on washed cells, 
coupled with comparisons of whole blood values a, directly determined, 
and b, recalculated from plasma (or serum), are generally considered to 
demonstrate the absence of combined calcium in the blood cells. 

Serum. There is abundant evidence for the clinical reliability of 
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routine calcium determinations made on blood serum. Schmidt and 
Greenberg (1935) cited the best current analyses of the calcium fractions 
(and several other constituents) of the sera of man and certain additional 
species. Human serum calcium totals between 9.0 and 11.5 mgm. per 
cent in different individuals. In the same individual, considerably 
smaller variations than this are encountered under most physiological 
and pathological conditions (with a few important exceptions). The 
dog, rat, guinea pig, and ox show similar values to the human, but the 
rabbit, pig and hen (especially when laying) commonly yield higher 
figures. 

Physical state of serum calcium. There has accumulated considerable 
evidence to confirm and extend Rona and Takahashi’s (143-144) 
original observation that the serum calcium exists in at least two forms, 
termed diffusible and non-diffusible (combined). Practical methods 
of separation and estimation (discussed in the reviews cited) include a, 
compensation dialysis; b, vividiffusion, and c, ultrafiltration. Schmidt 
and Greenberg (155) argued for an analogy of principle as between 
diffusion and filtration methods, and also dealt with the vexed question 
of the réle of Donnan membrane effects. Greenberg’s (155) ultra- 
filtration data on dog sera agreed closely with Greene and Power’s (50) 
vividiffusion results, both series yielding an average of 62 per cent of 
diffusible: total calcium. With ordinary collodion membranes at low 
pressures the filtration figures cited for human sera averaged 53 per 
cent. In addition to temperature and type of membrane, variables con- 
nected with pH and with filtration pressure require control. 

A. NATURE OF NON-DIFFUSIBLE CALCIUM. Proteinates. Since the 
work of Rona and Takahashi (143-144), it has been widely held that the 
non-diffusible calcium exists in combination with the serum proteins. 
Loeb (98), Loeb and Nichols (99-101), and Marrack and Thacker 
(111) experimented with serum and serum proteins separated from 
calcium salt solutions by a collodion dialysing membrane. At equilib- 
rium (pH 7.4) the partition of calcium could be accounted for by a, 
Donnan membrane effects plus b, a considerable factor believed to be 
due to the formation of an undissociated calcium-protein compound. 
The primary dependence upon protein and total calcium content is 
modified by secondary variables such as pH and the other salts (es- 
pecially NaCl) present. Significant analogies for the assumption of the 
calcium-protein complex include a, Northrop and Kunitz’ (127, 128) 
E.M.F. data on gelatine solutions containing zine and other salts, 
and b, observations of Schmidt and his co-workers (cited 155) on the 
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electrical migration (cataphoresis) of the alkaline earth caseinates. 
We have been unable to find published data on the corresponding 
phenomena with serum calcium proteinates. 

That the non-diffusible calcium is fairly firmly bound is evident from 
the difficulty experienced in mobilising it by simple dialysis. The above 
workers (98-101, 111), however, were able to free serum proteins from 
all caleium, even at pH = 7.4, by prolonged dialysis against very large 
quantities of physiological sodium chloride solution. Dialysis against 
distilled water, at pH = 7.4, left a residue of 25 to 45 per cent of the cal- 
cium bound to the protein; but this could be liberated if the pH were 
reduced to 2.5 (Loeb). “The difficulty or impossibility of freeing 
serum proteins from calcium by electrodialysis at the isoelectric points 
of the proteins is well known” (109), and merely indicates that the 
acid- and base-combining powers are neutralised to an equivalent extent 
at the isoelectric point of the ampholyte. Only when the pH is greatly 
to the acid side, or when more powerful bases (e.g. Na) are present, can 
the calcium be driven off in its entirety. The isoelectric points of serum 
albumin and serum globulin are 5.5 and 4.4 (pH values) respectively 
(137). The total base-combining powers of the serum proteins, as 
determined by van Slyke, Hastings, Hiller, and Sendroy (177) at pH = 
7.35, were computed to be a, albumin—0.273 mM. per litre, and b, 
globulin—0.189 mM. per litre. With an average albumin:globulin 
ratio of 1:1.8, the B protein value for whole serum would be 0.243 
mM. per litre. Greenberg, Larson, and Tufts (48) suggested a practical 
means of estimating the calcium-combining power of serum protein by 
subtracting from the total non-diffusible calcium content the determined 
value of the calcium in any non-diffusible phosphate (Ca;P.O3) present. 
Their data (on beef serum) enable a formulation of the amount of com- 
bined calcium in terms of the known protein content and determined 
values for diffusible calcium (assumed to be identical with calcium ion 
concentration—v. infra). 

The equation is 


Protein 3.5 
Ca-proteinate _ sella Diffusible Ca 








It is based on the mass action law and is asserted to be a slight improve- 
ment upon that of McLean and Hastings (109) who assumed maximal 
calcium (base) combining values. 

Salvesen and Linder (152) observed a parallelism between (total) 
calcium and protein in sera from nephritis patients and in certain 
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dropsical fluids from cardiac cases. Numerous confirmatory data on 
nephritic and allied cases have led to several attempts to formulate the 
interdependence of calcium, protein, and inorganic phosphate on a 
mathematical basis, exemplified in the nomogram of Peters and Eiserson 
(136). It has also been pointed out (155), not without qualification 
(186, 167), however, that the calcium content of the interrelated body 
fluids (blood, lymph, cerebrospinal fluid, etc.) closely parallels their 
protein content. On the other hand, extensive analysis of sera from 
normal persons at various ages and from cases other than renal and 
cardiac (167, 186, 21) quite fail to establish any physiological de- 
pendence of total or diffusible calcium upon the serum protein content! 
Under normal in vivo conditions, therefore, it cannot be conceded that 
even the proportion of diffusible: total calcium is a simple function of the 
serum protein content, although, according to the data of McLean and 
Hastings (109), ‘‘it appears that the zonization of calcium in the fluids 
of the body is determined chiefly by the protein content of the fluids, 
and that the relationship between calcium and protein can, as a first 
approximation, be described by a simple mass law equation, yielding 
the ionization constant of calcium proteinate.” Schmidt and Green- 
berg recalled that the calcium in nephrosis cases, and certain types of 
jaundice and neoplastic diseases, follows the albumin rather than the 
total protein. On fractionating the serum proteins by ammonium 
sulphate precipitation (31) about twice as much calcium was found 
in the (dialysed) albumin fraction than in the corresponding globulin. 
Graded membranes, which permitted the passage of all the albumin but 
very little globulin, demonstrated that practically the whole of the 
calcium accompanied the more-easily filtered (albumin) fraction (7). 

Lipids. Watchorn and McCance (1932) in a detailed investigation 
of a large number of human sera, failed to find any correlation between 
diffusible (ultra-filtrable) calctum values and serum protein content. 
They suggested the possibility that organic lipoid phosphoric acids 
might be the colloids with which the non-diffusible calcium was bound. 
Loeb and Nichols (101) found that human sera shaken twice with equal 
volumes of ether averaged about 10 per cent more combined calcium 
in dialysis experiments, but discounted such variations. Wadsworth, 
Maltaner and Maltaner (182, 183) have demonstrated the ability of 
calcium to form stable compounds with such phospholipids as purified 
cephalin. Their preparations, however, only became active in hasten- 
ing the clotting of recalcified oxalate plasma when the calcium had been 
removed by treatment with acid and subsequent dialysis. Rona and 
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Melli’s (145) neglected observation that “lecithin” altered the per- 
meability of collodion membranes in calcium partition experiments 
must also be recalled. In view of the evidence concerning the inter- 
relationships of calcium and phospholipid (cephalin) in blood coagulation 
(v. infra), these inadequate data are in urgent need of further investi- 
gation. 

Other calcium colloids. A colloidal form of tertiary calcium phosphate 
(CasP20g) has received considerable attention in the literature, and can 
indeed be demonstrated in blood under certain artificial conditions. 
However, Greenberg and Tufts (49) came to the conclusion that it would 
be too unstable to exist in blood with normal levels of calcium and 
inorganic phosphate. This colloidal compound must not be confused 
with the diffusible calcium-phosphorus complex discussed in a sub- 
sequent paragraph. 

B. NATURE OF DIFFUSIBLE CALCIUM. Until very recently, the view 
has prevailed that only about one-third to one-half of the diffusible 
serum calcium actually exists in the simple ionised condition. Estima- 
tions of ionic calcium (discussed by Schmidt and Greenberg, 1935) 
have been beset with practical difficulties because of the interfering 
effects of a, other electrolytes, and b, the proteins present. Not one 
of the electrode, adsorption, or solubility data methods can stand up 
to the criticism of an alert physical chemist. Yet, for some unex- 
plained reason, most of the methods have consistently yielded values for 
‘jonised” calcium averaging about 2.0 mgm. per cent. The cited 
reviewers (155) see great significance in the trend of more recent data 
to present higher values, approximating those for the whole of the 
diffusible calcium fraction. 

Thus Shear, Washburn and Kramer (160), and Shear and Kramer 
(159, 161) used CaHPOQ, crystals in a series of solubility determinations 
and obtained ionic calcium values of 6.6 mgm. per cent. The implicit 
assumption of a unit activity coefficient in the calculations based on their 
solubility data undoubtedly causes this figure to be somewhat in excess 
of the true value (155). The biological method, recently elaborated by 
McLean and Hastings (108), is an excellent means of estimating calcium- 
ion content, provided that (11) the effect on the frog heart be 
attributable solely to the calcium-ion, a conclusion which seems war- 
ranted by the absence of augmentation with calcium citrate and calcium 
proteinate (60). Results (4.4-6.4 mgm. per cent, 109), on a variety of 
biological fluids, indicate that such calcium as is diffusible and uncom- 
bined (with citrate, for instance) is present entirely as calcium-ions! 
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A typical experiment on calcium partition in horse serum read as follows: 
1, total serum protein, 7.0 per cent; 2, albumin:globulin ratio = 1.8; 
3, total serum calcium = 2.90 mM. per kgm. H,O; 4, ionised calcium = 
1.29 mM. per kgm. H,O; 5, calcium combined with globulin = 0.465 
mM. per kgm. H,O; 6, caletum combined with albumin = 0.805 mM. 
per kgm. H,O; 7, calcium unaccounted for = 0.34 mM. per kgm. H,0O. 
As the albumin values were felt to be slightly lowered by partial de- 
naturation of the protein, there was evidently very little calcium left 
over for the possible diffusible but non-ionised forms about which so 
much has appeared in the recent literature. Schmidt and Greenberg 
(155) accepted the new data so wholeheartedly as to state: “a very 
large part of the evidence offered for the existence of calcium compounds 
other than the ordinary calcium-ion in the diffusible fraction of blood 
serum is either insufficient, incorrectly interpreted, or quite incorrect. 
This statement applies both to the organic citrate-like compound and 
the special non-ionised compounds of calcium phosphate.” 

The hypothetical calcitum-phosphorus complex has been supported, 
in particular, by Benjamin and Hess (8-10) on the basis of adsorption 
experiments with barium sulphate. Notwithstanding the foregoing 
criticisms, Benjamin (11) demands further investigation of the experi- 
mental data before yielding her case. 

Calcium citrate. Greenwald (51) suggested a citrate-like form of 
diffusible but non-ionised calcium. Since the introduction of 
Thunberg’s (174) method for citric acid determinations in biological 
material, the evidence (Nordbé and Schersten, 126) has been against 
the presence of all but a variable trace (1-4 mgm. per cent) of citrates 
in normal sera. This could not account for more than about 1 mgm. 
per cent of calcium. Hastings, McLean, Eichelberger, Hall, and da 
Costa (60) have recently reported experiments with the frog heart 
technique, demonstrating clearly that calcium citrate is by no means 
non-ionised, but exists largely in the form of a negatively charged 
complex ion, representing an almost complete primary dissociation 
according to the equation 


Ca;Cite = Ca(Ca Cit), = Catt + 2 Ca Cit- 


The secondary dissociation, being that of a weak electrolyte, is very 
feeble, and follows the equation 


Ca Cit- = Catt 4+ Cit™ 
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Using the biological method to determine Ca++, the dissociation con- 
stant, pKgaci,~ (at 22°C., pH = 7.4, and total ionic strength of u0.155- 
0.163) was computed at 3.22* 0.025. 

The scanty data in the literature on calcium citrate conductivity 
were quoted by the above authors in support of their views that such 
complex citrate-ions do exist. Explicable on this hypothesis also is the 
observation of Greenberg and Greenberg (45), confirmed by Peretti 
(133), that citrates (over 100 mgm. per cent) caused calcium to migrate 
to the anode in the electrodialysis of serum and serum ultrafiltrates. 
By preventing the accumulation of acid at the anode it was possible to 
avoid the appearance of calcium in the anodal compartment, thus con- 
tradicting the evidence of Bernhard and Beaver (12), Klinke (83) et al., 
who sought confirmation for the citrate-like compound in similar data 
on ultrafiltrates. 

In further support of the calcium-citrate anion hypothesis, Ferguson 
and Du Bois (37) have recorded that citrated blood samples, kept in 
mercury tonometers and repeatedly tested for pH (glass-electrode 
method) over a period of hours, showed a greater acidity than defibri- 
nated blood or samples received immediately into the electrode chamber 
and allowed to clot (no pH change being observed!) during the series 
of potentiometer readings. The higher acidity of the citrated speci- 
mens persisted during the glycolytic acid shift and also after aération. 

Conclusion. Emphasising the latest viewpoint, viz., that the diffusible 
calcium exists chiefly or solely in the ionised form, Schmidt and Green- 
berg (155) conclude: “even if a low calcium ion activity in serum is 
admitted, it is qualitatively to be ascribed to an explanation familiar 
with modern theories of strong electrolytes, namely, the result of the 
depressing action of the interionic influence of electrolytes and proteins 
of the blood.” 

Peters and van Slyke (137) refer to the theoretical and experimental 
support for the contention that ‘‘calcium in physiological concentration 
will precipitate from salt solutions containing concentrations of phos- 
phate and bicarbonate (of the order of that) found in the blood.” The 
blood plasma (or serum) must, therefore, be regarded as having a 
“stabilised supersaturation” of calcium under physiological conditions. 
“Tt appears to be established that the presence of an adequate amount 
of protein in serum is one of the conditions essential for the maintenance 
of the normal serum calcium concentration” (137). 

Little clinical significance would seem to attach to variations, per se, 
in calcium content due to alterations in the amount of protein. A 
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possible exception, insufficiently studied because of the rarity of true 
cases, might be the “haemophilia calceopriva’’ described by Hess (65). 
Mwre’s (129) comments on portal thrombosis should also be mentioned. 
Tetany, with hypocalcemia (whether in rickets, parathormone de- 
ficiency, high intestinal fistula, etc.) appears to be a function of the 
diffusible calcium and is not accompanied by blood coagulation anom- 
alies (163). 

The necessity of calcium for blood clotting. Hammarsten (1875-1877) 
noted that calcium chloride sometimes caused the formation of fibrin 
from otherwise non-clotting, or incompletely clotting, hydrocele fluids. 
Green (1887) had an inkling of the réle of calcium in blood clotting 
when he found that calcium sulphate facilitated the coagulation of 
diluted “salt plasma.’”’ Ringer and Sainsbury (1890) noted that cal- 
cium, barium, and strontium chlorides counteracted the delay in clot- 
ting producible by mixing blood with sodium or potassium chloride 
solutions. Arthus and Pagés (1890) are, however, justly credited with 
the first clear demonstration that calcium salts are essential for in vitro 
coagulation. They added to blood (dog, ox, horse) 1, oxalates, 0.1 
per cent; 2, fluorides, 0.15 per cent, and 3, soaps of the alkali metals, 
0.5 per cent, and found that the blood remained fluid for several days. 
On the addition of calcium chloride solution, clotting was restored. 
Strontium could be substituted, but not barium (an error due, according 
to Mellanby (112), to the weak solutions employed). 

Pekelharing (1891) gave an important early discussion of the réle 
of calcium in relation to the other known factors in blood clotting 
(v. infra). In his monograph on “fibrin ferment” (thrombin) in the 
following year (1892) he recorded the first use of the powerful anti- 
coagulant action of sodium citrate, 10 cc. of a 5 per cent solution being 
sufficient for 90 cc. of horse’s blood. The preservation of fluidity he 
attributed to “the affinity of lime for the citric acid.” Schmidt (1895) 
argued that there could not be a specific decalcification since calcium 
citrate, unlike the oxalate, etc., was not precipitated. This evoked a 
spirited defense by Arthus in the following year (1896). Sabbatini 
(1900-1903) settled the controversy by interpreting the rdle of calcium 
in terms of the ionic state (a view that has recently survived certain 
criticisms-v. infra). In the study of a dozen substances preventing 
blood coagulation by inactivating the calcium factor, he distinguished 
between a, those that precipitated calcium out of solution, and 6, those 
that did not. He made extensive investigations with trisodium citrate 
and by means of careful analyses was able to determine that the in- 





























CALCIUM FACTOR IN BLOOD COAGULATION 649 


hibition of clotting of dog’s blood in vitro required an excess of citrate, 
a minimum of three molecules of the re-crystallised citrate being needed 
for each atom of calcium present. The same proportion was found 
necessary to antagonise the ammonium oxalate precipitation of calcium 
chloride solutions. Four or five times as much citrate was required if 
given in vitro (intravenously) and all the dogs in these experiments 
suffered toxic symptoms which he ascribed to acute calcium deprivation. 
Confirming the untimely terminated experiments of Horne (1896), 
Sabbatini found that clotting was inhibited by an excess of calcium, the 
maximal concentration for clotting being about 18 grams of CaCl, 
per liter (molecular concentration = 0.162). Mellanby (1909) showed 
that calctum was a much more potent clot-aiding agent than the other 
alkaline earth metals, but strontium, and also barium, to some extent, 
could act in a similar manner. He, too, confirmed Horne’s discovery 
of the anti-coagulant effects of excess of calcium salts, as did Rettger 
in the same year (1909). It may be noted that Stassano and Daumas 
(1924) observed a minimal coagulant concentration of calcium between 
13 and 21 mgm. per liter of blood, and that Lewisohn (1915-1924), 
pioneer of the citrate method for human transfusions, redetermined the 
minimal anti-coagulant concentration of sodium citrate to be 0.15 to 
0.20 per cent (i.e., considerably under the toxic intravenous dose which, 
for the average human adult, is about 5 grams). That doses of citrate, 
bordering on the toxic, may be given intravenously to shorten coagula- 
tion time and perhaps control internal hemorrhage (nevertheless, at a 
definite risk) is apparent from the numerous data in the clinical lit- 
erature. 

CALCIUM CONTENT OF THE PLASMA PROTEINS. Hammarsten (58, 59) 
credited Briicke (20) with the observation that washed fibrin always 
contained an appreciable trace of calcium (0.064 per cent, Frederickse, 
42) in its ash. Making use of fibrinogen solutions from which the cal- 
cium had been removed as completely as possible by oxalation and cen- 
trifugation, Hammarsten obtained clots containing as little as 0.005 
per cent of Ca (in terms of dry weight of fibrin). This would require an 
unreasonably high molecular weight (circa 800,000) if calcium were 
assumed to be part of the fibrin molecule. Although these ‘‘decalcified”’ - 
reagents interacted rather slowly, the high potency of thrombin 
(Schmidt) is such that Hammarsten’s experiments failed to rule out the 
possibility of calcium being an integral part of the coagulant (Howell, 
73). Csapé and Faubl’s (31) analytical data on horse blood plasma are 
summarised in table 1. It may be noted that the three protein fractions 
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were precipitated from 0.3 per cent citrate plasma by a, 28 per cent; 
b, 50 per cent, and c, full saturation with ammonium sulphate, and 
dialysed for four weeks against distilled water. 

de Waele (184) studied the solubility of fibrinogen preparations in 
terms of associated salts, pH, and lipids. Two minima of solubility 
were noted, one near pH = 4.0, the other near pH = 7.0. Fibrinogen 
itself, in contradistinction to its salts, was isolelectric at pH = 6.9 and 
was incoagulable by heat. It could combine with alkali metals and 
various acids to form ‘“‘fibrinogenates”’ of varying solubility and coagu- 
lability. The peculiar gel formation so characteristic of blood clots 
was said to occur only with the fibrinogenate of calcium, but coagulation 
did not occur after extraction of the lipids unless cephalin (or peptone 
or gelatin) were added subsequently “to facilitate the entrance of cal- 
cium ions into the fibrinogen complex.” 

There seems to be some doubt concerning the isoelectric points of 
fibrin and fibrinogen (Howell, -73, 74). Vonk (181) determined the 


TABLE 1 





FIBRINOGEN SERUM GLOBULIN |SERUM ALBUMIN 








| 


Concentration in plasma (dry 
weights per 100 cc.)..............| 0.4gram | 2.8 grams | 4.0 grams 
Calcium content (per cent)........ 31.01 mgm. | 37.78 mgm. | 77.8 mgm. 











isoelectric point of fibrin (the washed dried clot from horse and ox blood) 
from the swelling minima in various buffered solutions. The readings 
were found to be affected not only by pH but also by other anions and 
cations. If HCl and NaOH, only, were used to vary pH, a value of 7.1 
was obtained, but the end point could easily be displaced by various 
buffers to as acid a value as pH = 3.7. Klinke and Ballowitz (84) 
recorded the following isoelectric points: a, fibrinogen, pH = 4.20 — 
4.54; b, fibrin (whether obtained by coagulation or heat precipitation), 
pH = 5.23 — 5.66. Mainzer (106) employed 1, cataphoresis (zone of 
minimal migration), and 2, suspension instability (solubility minimum 
or zone of maximal flocculation) in experiments on a 0.1 per cent solution 
(in 1 per cent NaCl) of human blood fibrinogen. The following data 
were obtained with a, buffered, and b, unbuffered solutions: 1, a, pH = 
5.15, b, pH = 5.43; 2, a, pH = 4.36, b, pH = 4.90. The corresponding 
values after denaturation with alcohol were 1, a, 5.0, 6, 5.55; 2, a, 4.0, b, 
4.5. The behaviour of fibrinogen was by no means that of an ideal 
ampholyte. 
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Fischer (41) used turbidity estimations as a measure of the suspension 
instability (flocculation) in confirming the slight shift of the isoelectric 
point of fibrinogen during denaturation. Prothrombin (serum or muscle 
globulin) behaved quite differently. Numerous agencies (e.g., long 
standing, shaking, heat, actinic influences, acids and alkalies, and 
“thrombokinase’’—including purified brain phospholipid) all had the 
power to denature prothrombin, the process being accompanied by a 
marked shift in the isoelectric point (as determined by the zone of 
maximal flocculation or turbidity increase) from the original value of 
pH = 5.3 to near neutrality. This non-specific denaturation could be 
prevented (but not reversed) by heparin. A further change, believed to be 
the formation of a globulin + lipid + calcium complex (v. infra) was 
necessary for the elaboration of a “‘thrombin’’ (coagulant) capable of clotting 
fibrinogen. 

Howell (72) found that both fibrinogen and thrombin (a highly 
purified preparation freed from phosphorus (calcium analyses not given) 
and dissolved in weak NaCl solution) had isoelectric points between 
pH = 4 and 5, as determined by zone of maximal flocculation on heating 
and on radiation. The purified thrombin showed some cathodal mi- 
gration in cataphoresis experiments, but in serum and oxalated plasma 
the thrombin and prothrombin exhibited a negative charge, as did the 
plasma fibrinogen. In certain experiments with cell-free oxalated 
plasma and sodium chloride (0.9 per cent) in the anode and cathode 
compartments, fibrinogen was detected in both tubes, especially at pH 
close to neutrality. The electro-positive fraction gave a flocculent or 
membranous clot with thrombin; the electro-negative portion yielded a 
gelatinous clot with a variable extent of the typical ultramicroscopic 
needle formation (the ‘‘crystalline gel’’ obtainable with ordinary fibrino- 
gen and the non-migrating fraction). ‘“These results suggest that the 
fibrinogen particles or aggregates may adsorb both hydrogen and 
hydroxyl ions.” Howell (74) showed that Kugelmass’ (87) earlier 
attempts to elucidate the thrombin-fibrinogen interaction on the basis 
of electrical adsorption were insufficiently supported by valid experi- 
mental facts. He also (75) criticised del Baere’s (6) cataphoresis data 
from which an electropositive thrombin had been deduced. It is 
obviously desirable that new electrochemical data be obtained on better 
purified (38) fibrinogens. 

Eagle and Baumberger (33) and Ferguson and DuBois (37) could find 
no evidence of any pH change during clotting. 

Pending a more complete elucidation of the physico-chemical aspects 
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of coagulation, the exact part played by calcium remains uncertain. 
We can, however, review the progress which has been made in the class- 
ical enquiry concerning the rdéle of calcium in the activation of the coag- 
ulant factor (s), which is now generally recognized to be the earlier of the 
two major phases (Hammarsten) of the clotting reactions. 

CALCIUM AND THE ACTIVATION OF COAGULANTS. <A. Prothrombin. 
Pekelharing (1892) demonstrated that calcium salts were essential for 
the activation of prothrombin, the globulin fraction of the plasma pro- 
teins that serves as the precursor of the coagulant which Schmidt had 
termed thrombin (fibrin ferment). This activation of prothrombin by 
calcium salts was confirmed by Morawitz (121) and all subsequent 
workers, notably including Howell (op. cit.), Bordet and Delange (15, 
16), Wo6hlisch and Paschkis (187). The most, direct evidence in the 
classical data is the easily confirmed observation that prepared pro- 
thrombin does not coagulate ‘decalcified’ plasmas, exudates, or purified 
fibrinogen solutions, but will do so after the addition of calcium salts. 
Recalcified prothrombin (which may be termed Ca-prothrombin) can 
clot fibrinogen-containing fluids even in the presence of excess of oxalate, 
etc., thus suggesting that ionic calcium is no longer necessary after the 
coagulant has been activated. 

Stewart and Percival (169) found that a 24-hour partial precipitation 
of serum calcium by oxalate involved both the diffusible and non- 
diffusible fractions. Oxalates, citrates, fluorides, and excess of sodium 
chloride added to plasma were said to cause an early disappearance of 
‘fonised”’ calcium, whereas lengthening of clotting time appeared later, 
pari passu with an increase in diffusible calcium, complete inhibition of 
clotting coinciding with maximal values for diffusible calcium (approxi- 
mating the total calcium content). Schulten’s (157) criticisms of the 
Brinkman-van Dam (18) method invalidate the conclusion that com- 
plete depression of the calcium ion could be achieved by subminimal 
amounts of “decalcifying” anticoagulants. In view of the cited data 
(158, 178) on the activation of prothrombin by small amounts of added 
calcium in the presence of oxalate, it is more in keeping with the classical 
evidence to suggest that ionic calcium was not ruled out in Stewart and 
Percival’s experiments. In such case, calcium ions would be “‘available”’ 
a, readily, at first, until the whole of the diffusible calcium was im- 
mobilized; and b, less readily, subsequently, owing to slower dissociation 
of the plasma calcium-proteinates. 

Quantitative relationships between calcium and decalcifying anticoag- 
ulants. We have already noted that ordinary blood clotting requires 
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the presence of a (total) calcium content of not less than 13 to 21 
mgm. per litre (166), nor more than about 18 grams per litre (0.162 M 
CaCl, 149). 

Calcium as an anticoagulant. A number of authorities (68, 112, 150, 
141), have been cited as demonstrating the anticoagulant effects 
of large amounts of calcium salts. While this has not been elucidated, 
it may be recalled that excess of any neutral salt preserves the fluidity 
of the blood, and that modifications of the stability of protein solutions 
accompany the presence of sufficient quantities of electrolytes. If this 
explanation is correct Ca should fall into place in an Hofmeister series. 

Von Zarday (1933) restudied the vitro optima, minima, and maxima 
of both calcium and citrate in blood coagulation. He noted that the 
anticoagulant effects of excess of calcium could be overcome by the sub- 
sequent addition of citrates. 

Decalcifying anticoagulants. Sabbatini (148-150) found that the 
amount of trisodium citrate necessary to prevent blood clotting con- 
stituted a decided excess. In vitro, the minimal requirement of anti- 
coagulant, according to careful analyses, corresponded closely to 3 
molecules of citrate for each atom of calcium present. In vivo, several 
times more citrate was required, probably owing to its oxidative destruc- 
tion in the body (Salant and Wise, 151). Peretti (133-135) noted a 
dependence upon pH. 

Clowes and West (26-28) found that blood coagulation was pre- 
vented by a proportion (chemical equivalents) of citrate: calcium in 
excess of 70:30 (cf. Bloch, 14). Very similar proportions of citrate were 
required also to neutralise the actions of calcium salts in a, lessening 
the number of drops of watery soap solution running from a stalagmom- 
eter into a column of olive oil; b, killing mice when injected subcu- 
taneously, and c, causing interference with the specific hemolysis of red 
blood cells by complement and amboceptor (anti-complementary 
Wassermann reaction). A common explanation for these divergent 
phenomena was sought for in the dependence of all of them upon 
colloidal equilibria of lipids in the presence of inorganic salts, the 
simplest example being the well known phase reversal of sodium soap 
emulsions on the addition of calcium salts. This hypothesis, unfortu- 
nately, is still far in advance of our factual knowledge of the colloidal 
phenomena which occur during clotting, but it may assist in the ex- 
planation of platelet lysis (v. infra). 

Vines (178, 179) pointed out that only 0.61 to 0.66 per cent, or one- 
seventeenth, of the available (total serum) calcium was needed to 
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restore the normal coagulation time of finger-prick blood which had been 
prevented from clotting by the use of minimal amounts of oxalate, 
citrate, or fluoride. This was true only if the blood were freshly 
oxalated. ‘Some process of firmer union with the oxalate” (? v. infra), 
which was completed in about an hour, raised the minimal calcium 
requirement to 2.03 per cent. At the completion of this period, sub- 
sequent additions of oxalate (over and above the minimum) could be 
neutralised by approximately equivalent amounts of calcium. These 
facts form the basis of an ingenious “clotting test’? method (the term 
“biological” is to be deprecated) for the determination of serum cal- 
cium values (within an error of about 3 per cent). Vines’ own con- 
clusions especially with regard to ionic calcium have since been proved 
erroneous, but his experimental facts have been verified (188, 158). 
He may be relied upon also for the observations that a, saturated 
solution of calcium citrate could clot oxalated blood, although it could 
not (in reasonable amounts) prevent the coagulation of normal blood; 
and b, carbonates did not prevent clotting albeit “the calcium ion in 
CaCO; is more depressed than in CaF,’’ —Vines dismissed, overhastily, 
the current suggestion that ionisable bicarbonates would be formed. 
Mellanby (113) noted that prothrombin (‘“‘prothrombase’’) could be 
activated in the presence of CaCO;. His preparations were apt to show 
some “spontaneous” thrombin formation (114). 

Scott and Chamberlain (158) added varying amounts of calcium to 
minimally oxalated dog plasma and confirmed Vines’ data by finding 
that some clotting recurred when a mere »'5 of the oxalate present was 
re-neutralised by added calcium chloride. Quantitative estimations of 
the amount of fibrin formed on progressively restoring the “calcium 
deficit” indicated an increased fibrin formation pari passu with the 
calcium restoration. The parallelism was by no means a simple pro- 
portion but it did suggest that ‘when inorganic calcium is added to 
decalcified plasma the decalcified thrombin can compete at first against 
potassium oxalate for the possession of calcium and active thrombin is 
formed. The active thrombin exerts its action for some time even in 
the presence of oxalate until it is again inactivated by the loss of cal- 
cium.” 

Whether or not the decalcifying anticoagulants can themselves com- 
bine with the plasma colloids (Stuber and Sano, 172; Scheuring, 153) is 
still an unsettled problem, but it is suggested, inter alia, by a, the excess 
of minimal anticoagulant amounts over the chemical equivalents of 
calcium, and by b, Vines’ observation (v. supra) that blood which has 
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been standing in contact with oxalate requires a larger “‘minimum”’ of 
calcium to restore coagulation. 

Calcium in prothrombin and thrombin preparations. Not only is 
ordinary thrombin a product of altered plasma (the calcium content of 
which has already been discussed) but the conditions of its formation 
ordinarily include the presence of ionised calcium at least to the stage of 
prothrombin activation (vide Ca-prothrombin) and often to the comple- 
tion of the clotting process, when the thrombin is prepared from the 
fibrin or the fresh serum. Without raising the question of antithrombin, 
we may concede that the fluidity of the circulating blood is sufficient 
evidence that active thrombin is not normally present in the intra- 
vascular blood. Moreover, thrombin cannot be prepared from fresh 
blood received directly into alcohol (Schmidt, 154) although the 
alcohol takes down with the proteins some 61 per cent (90) to 82 per 
cent (24) of the total serum calcium. Fibrin washed until calcium-free 
(Loucks and Scott, 103) gave negative results with the usual techniques 
for thrombin extraction. Restoration of calcium prior (but not subse- 
quent) to precipitation resulted in potent extracts in the experiments on 
blood and plasma (26, 103). Eagle’s (1935) quantitative studies have 
demonstrated clearly that a, thrombin formation preceded clotting; b, 
the amount of thrombin formed is dependent primarily on the amount of 
prothrombin activated (Eagle did not vary the concentration of the 
activating agents sufficiently to give weight to his statement “the 
amount of thrombin ultimately formed. . . . isindependent of the amount 
of Ca, platelets, or cephalin used’’), and c, the activation of prothrombin 
by calcium salts shows a peculiar latency succeeded by a rapid phase of 
completion. Cephalin and platelets diminish the latency and speed up 
the activation. 

While the considerable body of evidence, which we have reviewed, 
supports the conclusion that thrombin is normally the product of the 
action of ionised calcium upon a precursor substance present in the blood 
plasma (a view that was clearly formulated before the turn of the 
century) it is yet difficult to give a final answer to any of the following 
pertinent questions: 1. Is the mode of action of calcium a definite and 
stable colloidal combination or merely a catalysis of a process (? de- 
naturation) which can take place in its absence? 2. Can prothrombin 
ever be activated by combined calcium when conditions of depression of 
the calcium ion prevail? 3. If thrombin 7s a calcium compound, does it 
owe its coagulant properties to that fact, and by what mechanism 
(catalysis, chemical affinity, favouring adsorption, by shifting isoelectric 
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points, or in other ways)? A brief presentation of relevant arguments 
may be considered. 

1. Notwithstanding the impossibility of freeing blood proteins from 
combined calcium without resort to drastic treatment (v. supra), no 
effort has been made (as far as we are aware) to study quantitatively the 
combined calcium content of the numerous thrombin and prothrombin 
preparations which have been used in coagulation experiments. Howell 
(1910-1913) prepared a thrombin (from fibrin) which, at the expense of 
considerable loss in potency, could be obtained in a form which resisted 
heat coagulation for short periods owing, ’twas said, to paucity of in- 
organic constituents. Forty years ago, Hammarsten (op. cit.) tried to 
remove as much calcium as possible by oxalation of both fibrinogen and 
coagulants. The obtaining of a fibrin with a very low calcium content 
was (as he admitted) no criterion of the significance of otherwise small 
calcium residua for the activity of the thrombin. Kastl’s (80) recent 
preparation of an active thrombin by the alcohol precipitation of fresh 
(beef) serum after filtering off the calcium oxalate formed in 24 to 48 
hours by the Kramer-Tisdall-Schimmelpfeng technique, has been 
supplemented by calcium analyses (189) from which it was claimed that 
calcium-free thrombin could clot Ca-free fibrinogen. No demonstra- 
tions of the so-called “spontaneous” transformation of prothrombin into 
thrombin or the activation of purified prothrombin by other means 
than recalcification (see p. 449 of Howell’s 1935 review) record calcium 
analyses on either the coagulant or (more especially) the test solutions of 
fibrinogen. Rabinovich’s (140) electrodialysis experiments (v. supra) 
stand alone as evidence for the inactivation of the clotting mechanism 
by an allegedly thorough decalcification (reversible by the addition of 
inorganic calcium). We except the insufficiently substantiated oxala- 
tion data of Loucks and Scott (103). 

2. While it is universally asserted that plasma kept in contact with 
decalcifying anticoagulants retains its fluidity, it is a common ex- 
perience, nevertheless, to find traces of fibrin deposited on long keeping 
(even in the ice-chest under sterile conditions). Cited experiments on 
progressive (169) and regressive (178, 158) oxalation suggest that some 
coagulation can occur under conditions of considerable depression of 
calcium ionisation. The coagulant-activating powers of Ca-citrate 
(178) and CaCO; (113) point in the same direction. 

3. Data supporting the view that thrombins are calcium-cephalin- 
protein compounds will be reviewed in the succeeding section. 

B. Tissue coagulants. L. Loeb (95-97) and Mills (115-120) showed 
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that calcium salts were necessary for the clotting of fibrinogen by tissue 
coagulants (coagulins), even under conditions thought to preclude the 
ordinary thrombin mechanism. Smith, Warner, and Brinkhouse (164) 
used fibrinogen, freed from prothrombin by Fuchs’ (43) method of 
Mg(OH), adsorption, to substantiate a claim that watery extracts of 
fresh beef lung, that had been thoroughly perfused, were devoid of co- 
agulant activity on recalcification. Quick (139) asserted confirmatory 
evidence. Loucks and Scott (103) had previously noticed a great 
diminution of activity if the lungs were perfused prior to preparing an 
alcohol-precipitated extract. This was correlated with a diminished 
calcium content, the weakest extract containing only 0.3 mgm. per cent 
of Ca. The best coagulants were prepared from lung extracts to which 
CaCl, was added just before the alcohol precipitation. Dialysis did not 
lessen the activity of potent extracts, but oxalation did so. Ferguson 
(38) made an experimental analysis of the coagulant properties of a, 
plasma prothrombin; b, platelets; c, corneal-, and d, crystalline-lens 
extracts (the last two chosen because of physiological absence of ad- 
mixed blood). It was concluded that all four coagulant precursors 
required for their activation a, calcium and, equally essential, b, cephalin 
(which might already be present in ‘‘available” form). In all cases the 
optimal thrombic activity was obtained under conditions suggesting 
certain quantitative interrelationships between three component fac- 
tors, namely, 1, protein (prothrombin-like); 2, phospholipid (cephalin- 
like), and 3, calcium. 

Calcium in relation to the phospholipid factor. The literature on blood 
coagulation (188) contains abundant evidence of the importance of 
phospholipid, thought by Zak (191), Howell (70), McLean (110), and 
most subsequent workers (81), to be cephalin, or, at least (194, 41) 
closely associated with that phosphatid. Mills (115), adduced reasons 
for differentiation between ‘“‘free’’ (dissociable) cephalin (the thermo- 
stable lipid) and “combined” cephalin (the thermolabile lipoproteins of 
tissues, termed “thrombokinase” or ‘thromboplastin’ by earlier 
workers). Both forms are demonstrable in platelets and in most tissue 
extracts. The exact réle of phospholipid in the various phases of the 
clotting process is still sub judice, chiefly owing to the prevalence of 
Howell’s view that the sole function of these “thromboplastic agents” is 
to neutralize the clot inhibitory actions of heparin (antiprothrombin) 
and antithrombin. The data of Mills (119, 120) based on the earlier 
experiments of Bordet (15, 16), have been confirmed and extended by 
Ferguson (38), and it would appear difficult to escape the conclusion 
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alluded to above, namely, that cephalin, as well as calcium, is a sine qua 
non in the direct activation of all coagulants. ‘‘Until it has been shown 
possible to prepare a phospholipid-free prothrombin able to clot phos- 
pholipid-free fibrinogen on simple recalcification, we must conclude that 
thrombin is a definite calcium-cephalin-prothrombin (complex or) 
compound.” Wadsworth, Maltaner, and Maltaner (182, 183), Fischer 
(41), and Wu (190) arrived at the same conclusion. Less direct evidence 
for an interrelationship between calcium, phosphatid, and prothrombin 
appears in a number of other cited references (103, 178, 184, 26). 

Conclusion. The weight of the foregoing evidence supports the 
current conclusion that ionised calcium is essential for the formation of 
the coagulant factor (thrombin) from its inactive precursors in the blood 
and tissues. Whether or not we can subscribe to the attractive possi- 
bility that thrombin is a colloidal calcium-cephalin protein compound is 
still an open question, and the exact mechanism of the fibrinogen-throm- 
bin interaction has not yet been elucidated. 

The “decalcifying” anticoagulants would appear to act not only by 
the simple depression of calcium ionisation but also in a more complex 
manner involving a splitting-off of calcium from its colloidal combina- 
tions, with the additional possibility (172, 153) that the oxalate, etc., 
may itself enter into union with the plasma colloids. 

CALCIUM AND ANTICOAGULANTS. The inability of calcium salts to 
clot heparinised, hirudinised, “‘peptone”’, and other similar anticoagu- 
lant bloods demonstrates that these preservers of plasma fluidity act in 
some other manner than on the calcium mechanism. 

A possible réle of calcium (64, 178, 41) in the neutralisation of these 
clot-inhibiting agents by phospholipids (including thrombokinase) is 
insufficiently substantiated. 

CALCIUM IN RELATION TO PLATELET Lysis. Haurowitz and Slddek 
(61), working with horse blood, gave the following calcium determina- 
tions (mgm. per cent): a, platelets—0.074; b, leucocytes—0.04; c, 
erythrocyte stroma—0.064. The respective lipid contents (cholesterol 
in parentheses) were a, 12 (1.7); b, 22 (7.4), andc, 10.2 (1.5 mgm. per 
cent. 

The “‘preservation” of platelets in decalcified (oxalated, etc.) blood 
was noted by a number of workers (cited, 34). Ferguson (1934) rein- 
vestigated the dark-field appearance of platelet “alterations” and re- 
viewed the evidence in support of the conclusion that ‘“‘the surface- 
tension lowering action of a wettable surface is the primary cause of 
platelet alteration. This leads to the formation of excrescences differing 
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in type according to whether clotting ensues or is prevented by depres- 
sion of the calcium ion function.” A final concentration of about 0.25 
per cent of trisodium citrate is necessary to inhibit platelet lysis (rabbit 
blood) and this “critical concentration” is practically uninfluenced by 
the factor of osmotic tonicity. ‘‘A further change supervenes in order to 
liberate from the platelets the essential factor for fibrin formation. 
This change has been shown to be a process of osmotic imbibition and 
partial plasmolysis in which the essential (specific) réle is played by the 
calcium ions. It is reasonable to suppose that the expanded platelet 
excrescence is especially liable to osmotic influences.”” The similarity 
of platelet alterations to the myelin figures (Virchow, 1854; Leathes, 1925) 
seen when phosphatides come into contact with watery electrolytes, is 
worthy of record, especially in connection with the dark-field observa- 
tion (34) of penetration of lipoid (lecithin) films by calcium salt solutions 
in the physical type of phase distribution alluded to by Clowes (op. 
cit.). This suggests the reason why water enters the platelets to cause 
the swelling and lysis described. It is an established fact (138) that 
platelet lysis alone (by saponin, for instance) is not necessarily accom- 
panied by coagulation if other factors in the clotting mechanism are in 
abeyance, e.g., a, inactivation of the calcium by oxalates, citrates, etc. 
(v. supra), and b, under conditions imposed by powerful antithrombic 
factors, which, according to both Howell and Mills, have marked ability 
to deviate phospholipid whether in ‘‘free’”’ or ““combined”’ form. 

The answer to the pertinent question as to why the circulating blood re- 
mains fluid in the known presence of calcium ions and the fibrin factors 
(which are all part of the plasma itself) is to be sought for in a considera- 
tion of the physico-chemical conditions necessary for coagulation. 
Howell’s theory centers round the ability of heparin and antithrombin 
(demonstrably present in normal plasma) a, to prevent the calcium ac- 
tivation of prothrombin, and b, to neutralise any formed thrombin. 
Ferguson (38) believes that the evidence for the essential rdle of cephalin 
also in the direct activation of coagulants necessitates a somewhat re- 
vised viewpoint. The function of the antithrombic factors may be 
interpreted as that of protectors of plasma against various situations 
(physiological and pathological) in which cephalin (the phospholipid 
factor) may become “available” for acting, in conjunction with calcium, 
to form thrombin (coagulant) from the ever-present plasma prothrom- 
bin, with the attendant risk of intravascular clotting. This “cephalin 
availability theory” of blood clotting directs attention to the sources of 
cephalin for initiating coagulation. The rdle of lysed platelets and 











660 JOHN H. FERGUSON 


injured tissues in this connection has received adequate consideration. 
A further possibility, latent in the data of Fischer (41) on “denatura- 
tion” of the plasma globulins and of Ferguson (38) on the additional 
cephalin rendered available by boiling (heat denaturation) of coagulant 
lipoproteins, is that an important liberation of phospholipid may accom- 
pany the irreversible changes undergone by shed plasma. Thus, we 
envision a definite physico-chemical advance toward the conclusion 
(rather obscurely presented by Pickering, 1928) that blood coagulation 
is a phenomenon which owes its inception to a disruption of the normal 
stabilised equilibrium of the entire colloidal ‘‘plasma complex.”’ 
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EFFECTS PRODUCED BY THE IRRADIATION OF PROTEINS 
AND AMINO ACIDS 


L. EARLE ARNOW 


Division of Physiological Chemistry, University of Minnesota, Minneapolis 


A. THE DENATURATION PROCESS. 1. The Nature of the Process. 
All workers in the field of protein irradiation have agreed that the most 
obvious effect of exposing protein solutions to radiant energy is the 
denaturation of the protein. This denaturation occurs in two distinct 
steps. Thus, Bovie (6, 7), Young (85), Galinsky (30), and Rajewsky 
(57, 58) all speak of 1, a preliminary process, in which the protein mole- 
cule becomes a new chemical entity, and 2, a physical process, causing 
the formation of a visible coagulum. Rajewsky further divides the 
second process into two portions: a, a conglomeration of the denatured 
particles to large visible masses, and b, a precipitation of the coarsely 
dispersed particles. This latter author found that the latent period 
before coagulation occurred in his experiments could be computed by 


means of the equation: 
1 
LZ=K (: + ) : 


where LZ is the latent period (Latenzeit), K is a constant, and ¢ is the 
time of exposure to the radiation. The equation applied only at con- 
stant temperature and constant radiation intensity. Gentner and 
Schwerin (31) reported that the intensity of radiation and the time of 
exposure required to give a constant latent period were related as 
expressed by the equation: 

I es (i) 

r... ee 


Where J and /’ are radiation intensities, and 7 and 7” are exposure times. 

In their experiments, the exponential, z, had an average value of 0.904. 

Janet Clark (10, 11, 12, 13) has advanced the idea that the initial 

action of radiant energy on proteins is the production of photoelectric 

molecules; that is, that the radiation causes the emission of electrons 
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from the molecules of protein undergoing irradiation. This same 
author (14) recently has accumulated data which indicate that the 
denaturation of egg albumin by ultra-violet radiation occurs in three 
steps: 1, an alteration of the protein molecule by the radiation; 2, a reac- 
tion between the radiation-altered molecule and water, and 3, the forma- 
tion of a visible coagulum. 

a. The action of heat as compared with that of radiation. It was the 
contention of the early workers that the coagulum produced by the heat 
coagulation of a protein was identical with the precipitate resulting from 
the irradiation of the same protein. Rayband (59) observed that both 
protoplasm itself and protein isolated from it coagulated under the 
influence of ultra-violet light. He believed the process to be identical 
with that which occurred when the proteins were heat coagulated. 
Fernau and Pauli (25, 26) observed that many native proteins were 
coagulated irreversibly by the rays of radium, and they state that the 
process closely resembled the effect produced by heat. Schanz (60, 61) 
found that the changes produced in egg and serum albumins by exposure 
to heat, visible light, and ultra-violet light were readily comparable. 
Clark (13) believed that the coagulum produced by ultra-violet light 
and that produced by heat were identical, although she thought the 
mechanisms involved probably were different in the two cases. Fernau 
and Pauli (25) measured the changes in viscosity of a gelatin solution 
exposed to the penetrating rays of radium and found the results to be 
similar to those obtained when gelatin solutions were heated. 

In more recent years, however, several papers coming from the 
University of Vienna have made it almost certain that the effect pro- 
duced by heat is not the same as that produced by _— energy. 
Spiegel-Adolf (62, 66) reported that electrolyte-free sérum albumin 
coagulated under the influence of ultra-violet rays as under the influence 
of heat, but the coagulum could not, as in the latter case, be converted 
into a water soluble product by treatment with alkali and subsequent 
dialysis. Potassium thiocyanate did not aid in the resolution of the 
coagulum as it did in the case of heat coagulation. The dispersion 
coefficients (defined in a later section) for heated pseudoglobulin solu- 
tions were 1.88 to 2.00, whereas the same coefficients for solutions irradi- 
ated with ultra-violet light were 2.2 to 2.9. The characteristic wave 
length (also defined later) was the same for untreated and for heated 
pseudoglobulin solutions, but was increased for irradiated solutions. 
Fernau and Spiegel-Adolf (28) noticed that the coagulum resulting 
when serum albumin was coagulated with the rays of radium was not 
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alkali-soluble. Spiegel-Adolf and Krumpel (71) reported that the in- 
creased absorption capacities in the ultra-violet region of the spectrum 
resulting when albumins were heated, in the presence of acid or alkali to 
prevent coagulation, were qualitatively similar to those appearing after 
ultra-violet radiation, but were quantitatively very different. Spiegel- 
Adolf (67) found that ultra-violet radiation increased the refraction of 
light by solutions of the blood proteins; heat denaturation had no such 
effect. 

Lieben and Ehrlich (43) found that halogens were split from artifi- 
cially halogenated casein, diiodotyrosine, and thyroxin following expo- 
sure to ultra-violet rays. These results could not be reproduced by 
heating the same solutions for some time at 80°C. 

b. The action of alcohol and acetone as compared with that of radiation. 
Kruyt and Bungenberg de Jong (38, 39) have offered good evidence to 
show that the denaturation of lyophilic sols by alcohol or acetone is due 
primarily to a removal of the water of hydration. ‘This process appears 
to be purely a physical one; hence, if it-is assumed that the effects pro- 
duced by the irradiation of proteins are the same as the effects produced 
by adding acetone or alcohol to the same solutions, then it is necessary to 
assume that this process also is a physical dehydration. 

Fernau and Pauli (25) suggested that the effects produced by irradiat- 
ing native proteins with the rays of radium might be the same as the 
effects produced by adding alcohol to the solutions. Mond (50) noticed 
that the amount of alcohol necessary to precipitate albumins was less 
after irradiation with ultra-violet light than before. He does not main- 
tain, however, that the addition of the alcohol was, in effect, simply a 
continuation of the same process initiated by the radiation. Similarly, 
both Schanz (61) and Young (85) have noticed that adding acetone or 
alcohol to an albumin solution before irradiation with visible and ultra- 
violet light hastens the denaturation precess. It is not necessary, how- 
ever, to interpret this finding as indicating a similarity in the action of 
the two agencies on the protein solutions. The action of the acetone or 
alcohol is probably best explained as a physical dehydration process in 
the case of visible radiation, and as a combination of dehydration with 
photodynamic action in the case of ultra-violet radiation. 

ce. The action of oxidizing agents as compared with that of radiation. 
Effront (19) seems to have been the first worker in the field of protein 
irradiation to suggest that the effects of irradiation might be due to a 
preliminary formation of hydrogen peroxide from water, the hydrogen 
peroxide thus formed actually producing the observed phenomena. 
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Fernau (23), investigating the effects of Réntgen rays, ultra-violet rays, 
and alpha-particles on albumin solutions, concluded that the effects 
produced were identical with those produced by means of hydrogen 
peroxide. Fernau and Spiegel-Adolf (28) noticed that the coagulum 
separating from a solution of serum albumin as a result of treatment with 
radium radiations could not be made water soluble by treatment with 
alkali. This same type of coagulum was produced if the albumin solu- 
tion were treated with hydrogen peroxide. Galinsky (30) denatured 
gelatin with light and with chromates; she states that the reactions were 
strikingly similar. Meisling (49) noted that the denaturation of 
gelatin by light proceeded more rapidly if chromates were present. 
Lieben (42) states that the color reaction of Viosenet and Hopkins 
disappears after a period of irradiation of protein with ultra-violet light, 
but appears again if all traces of hydrogen peroxide are removed with 
spongy platinum. 

2. The Effect of Electrolytes. It is well known that the addition of high 
concentrations of electrolytes to protein solutions will cause the proteins 
to become less stable. It might be expected, therefore, that the addition 
of electrolytes to protein solutions undergoing irradiation would acceler- 
ate the denaturation process. Bovie (6, 7) found that the coagulation 
of egg albumin solutions by means of ultra-violet rays was much more 
rapid jn the presence of ammonium sulphate. Young (85) noticed that 
serum and egg albumin solutions coagulated more rapidly under the 
influence of sunlight or strong arc illumination when sodium chloride, 
ammonium sulphate, or potassium thiocyanate was present. 

On the other hand, the addition of small quantities of salt does not 
appear to accelerate the process. Spiegel-Adolf (62, 63) reported that 
neutral salts did not prevent the coagulation of serum albumin by ultra- 
violet rays, but that the precipitation was prevented or inhibited by the 
presence of small amounts of polyvalent ions. The presence of salts 
arrested the denaturation of proteins by the rays of radium. Fernau 
and Spiegel-Adolf (27) observed that irradiation of pseudoglobulin solu- 
tions with radium led to a clumping together of the protein micelles. 
The radium apparently had no effect on salt solutions of pseudoglobulin. 

It has been observed that the addition of electrolyte after a pre- 
liminary period of irradiation often will cause denaturation, whereas 
the addition of the same concentration of electrolyte before exposure to 
radiation had no apparent effect. Thus, Schanz (60, 61) found that 
albumins irradiated in acid solution with ultra-violet rays were more 
sensitive to ammonium sulphate and sodium chloride than they were 
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previous to the irradiation. Mond (50) later made the same observa- 
tion. With the idea of testing her hypothesis that the initial action of 
radiation lies in the formation of photoelectric molecules, Clark (11, 12, 
13) irradiated egg albumin solutions at different hydrogen ion concen- 
trations. Theoretically, in solutions having a pH greater than that of 
the iso-electric point (pH 4.8), radiation would cause a loss in negative 
charge of the negatively charged albumin molecules. Some protein 
molecules would eventually acquire a positive charge, and mutual pre- 
cipitation would occur. At pH 4.8 or less, the protein should be sta- 
bilized, since it naturally has a positive charge below pH 4.8. Normally, 
albumins below the iso-electric point are precipitated by half-saturation 
with ammonium sulphate, the ease of precipitation increasing as the pH 
decreases. On the other hand, very high concentrations are required to 
do this above the iso-electric point. After irradiation with ultra-violet 
rays, all of Clark’s egg albumin solutions precipitated after half-satura- 
tion with ammonium sulphate, except solutions at pH 4.7, pH 4.8, and 
and pH 4.9, these solutions coagulating spontaneously under the influ- 
ence of the radiation. Solutions below the iso-electric point precipi- 
tated more easily after addition of ammonium sulphate than did the 
other solutions. 

In one important particular, the work of Schanz (60, 61) does not 
agree with that of Clark, just summarized. The former worker found 
that serum and egg albumin, in solutions with pH above that of the 
iso-electric point, deposited less precipitate upon addition of ammonium 
sulphate or sodium chloride after irradiation with ultra-violet rays than 
the same solutions did before such exposure. 

3. The Effect of Acidity and Alkalinity. Clark (11, 12, 13), Young 
(85), Zhukov and Unkovskaya (86), Spiegel-Adolf (62, 64, 65), Arnow 
(1), and others have observed that the actual coagulation process will 
occur only if the pH of the protein solution is close to that of the iso- 
electric point. The addition of small quantities of acid or alkali will 
therefore protect against flocculation. 

4. The Importance of Sterility. When a protein solution is invaded by 
a bacterial flora, the reaction of the solution, due to the production of 
ammonia and basic amines, becomes alkaline. It often happens that 
this alkalinity is sufficient to prevent the coagulation of the protein by 
radiation. 

Spiegel-Adolf (63) noted that the velocity of coagulation of proteins 
exposed to ultra-violet radiation was markedly affected by the age of 
the protein solution after electrodialysis. Fernau and Spiegel-Adolf 
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(28) found that serum albumin, freshly dialyzed and preserved with 
toluence, lost its ability of being precipitated by radium irradiation 
unless it was preserved in an ice-box. Ammonia could be demon- 
strated in this serum albumin solution in amounts large enough to pre- 
vent the coagulation. 

The observations recorded in the preceding paragraph led Spiegel- 
Adolf and Pollaczek (72) to make a more exhaustive study of the im- 
portance of sterility. Fourteen electrolyte-free solutions of proteins 
were prepared, and the relationship between sterility and coagulation 
velocity was studied. Germ-free solutions quickly coagulated, while 
infected solutions showed a marked delay, which persisted even after the 
organisms were dead. If sterile, quickly coagulating protein solutions 
were inoculated with bacteria, there was a marked delay before coagula- 
tion occurred. Electrodialysis of the protein solution which had been 
infected brought back the original coagulation velocity, although the 
bacteria were not removed by this process. The organism obtained 
from the protein solutions was almost always Bacillus subtilis, which 
apparently crowded out other organisms. 

5. The Effect of Photosensitizers. Clark (12) has found that egg 
albumin solutions will coagulate under the influence of visible light in 
the presence of a suitable photosensitizer, such as eosin, erythrosin, rose 
bengal, methylene blue, or uranin. Lieben (41) succeeded in decompos- 
ing tyrosine and tryptophan with visible light in the presence of hemato- 
porphyrin and rose bengal. Palit and Dhar (54) oxidized alanine and 
glycine by bubbling air through their aqueous solutions in the presence 
of sunlight, zinc oxide being utilized as a sensitizer. Meisling (49) 
found that the addition of chromates, aniline dyes, or chlorophyl to his 
gelatin solutions hastened the denaturation of the protein by visible 
and ultra-violet radiation. Neuberg (52) states that proteins and pep- 
tones were split by sunlight to amino acids, which then underwent reduc- 
tion to aldehydes, the reaction occurring in the presence of uranium and 
iron salts. 

As might be anticipated, however, the use of photosensitizers is not 
always successful in increasing the effects produced by radiant energy. 
Clark (12) reported that fuchsin and methyl orange, when added to egg 
albumin solutions, did not hasten the denaturation process. Ellinger 
(19) irradiated histidine with ultra-violet light and produced a substance 
which stimulated the intestine and caused a fall in blood pressure. He 
states that the addition of eosin and ferric chloride to his solutions did 
not hasten the reaction. Lieben and Jesserer (42) have noticed that the 
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denaturation of a Witte peptone solution by ultra-violet light is not 
affected by the addition of a photosensitizer. 

6. Miscellaneous Denaturation Experiments. Apparently the first 
paper on the subject of protein irradiation was published by Hardy (32) 
in 1903. This author reported that acid solutions of ox serum globulin 
were rendered less opalescent by exposure of the solutions to radium 
bromide, whereas alkaline solutions of the same protein were coagulated. 
Hardy evidently was utilizing the alpha-particles, since thin mica filters 
prevented the effect. 

Dreyer and Hanssen (16, 17) have reported that most of the common 
proteins are coagulated by ultra-violet light and by radium radiation. 
Stedman and Mendel (73) irradiated twelve purified proteins with ultra- 
violet light, and found that all the solutions developed the same charac- 
teristic odor, all were discolored yellowish, and all underwent a decrease 
in coagulation temperature. The appearance of a coagulum within 
solutions of proteins during irradiation was not universal and was 
characteristic for each protein. 

Tian (80) observed that the surface of a gelatin gel was liquefied when 
the gel was exposed to ultra-violet rays. 

Fernau and Spiegel-Adolf (28) found that the time required for pre- 
cipitation of serum albumin with radium rays was almost independent 
of the concentration of the protein, except in solutions of very high con- 
centration. 

Arthus and Boshell (2) noted that Hammersten fibrinogen solutions 
deposited a precipitate during irradiation with ultra-violet light. It is 
doubtful, however, whether this represents a true denaturation process, 
since fibrinogen prepared by the authors did not deposit such a precipi- 
tate. 

Mascherpa (48) reported that heavy doses of radium emanation 
caused a turbidity to appear in his egg albumin solutions, a result also 
noticed by Arnow (1). 

B. PHYsICcAL CHANGES. 1. Changes in Optical Rotation and in Dis- 
persion Coefficients. Since some of the terms which will be used in this 
section are not in common usage, the author thinks it best to define them 
here. The dispersion coefficient, or dispersion quotient, is defined as the 
ratio between the specific optical rotation at Fraunhdéfer line F (4861 
A. U.) and the specific optical rotation at Fraunhdéfer line C (6563 A. U.). 
The curve resulting when the inverse of the specific optical rotation is 
plotted as a function of the square of the wave length (measured in 
microns) of light used in making the determinations, the temperature 
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being maintained constant, is the specific dispersion isotherm. The 
characteristic wave length is the square root of the abscissa of the specific 
dispersion isotherm, when the value of its ordinate is zero. 

Young (85) found that the primary reaction caused by the irradiation 
of albumin solutions with visible light was accompanied by an increase 
in optical rotatory power. The rate of increase of optical rotatory 
power was increased by the addition of both acids and alkalies. 

Spiegel-Adolf (66) found the dispersion coefficients for heated pseudo- 
globulin solutions to be 1.88 to 2.00, whereas the same coefficients for 
solutions irradiated with ultra-violet rays were 2.2 to 2.9. When the 
specific optical rotations were determined at different wave lengths and 
the results plotted on coérdinate paper, the specific dispersion isotherms 
appeared to be almost linear. Adding alkalies changed the slope of the 
line, but the characteristic wave length remained the same. After 
irradiation, the characteristic wave length was markedly increased, as 
was the slope of the specific dispersion isotherm. 

Zhukov and Unkovskaya (86) irradiated gelatin solutions with alpha- 
particles and found, in all cases, a decrease in the norma] dextro-rotation 
of polarized light. The reaction of the solution did not qualitatively 
affect the finding. According to Ponthus (55) a similar result is ob- 
tained by irradiating gelatin with ultra-violet rays. 

2. Changes in Ultra-violet Absorption Spectra. Stenstrém and Rein- 
hard (77) have shown that the characteristic absorption band common 
to most proteins and having its peak at about 2800 A. U. is due to the 
presence of one or more of the benzene rings containing amino acids. 
Spiegel-Adolf (67), Spiegel-Adolf and Krumpel (70, 71), Spiegel-Adolf 
and Oshima (69), and Hausmann and Spiegel-Adolf (33) found that 
exposure of proteins to radiant energy resulted in an increased absorp- 
tion of ultra-violet light by the protein solutions. Becker and Szendié 
(4) also found an increased absorption, this being accompanied, however, 
by a disappearance of the characteristic band at 2800 A. U. 

Arnow (1) has shown that the absorption of ultra-violet light by egg 
albumin solutions irradiated with alpha-particles is increased in the case 
of solutions at or below the iso-electric point, and is decreased in the case 
of solutions above the iso-electric point. ‘The decreased absorption is 
interpreted as indicating a cleavage of the benzene ring, and it is sug- 
gested that the increased absorption might possibly be due to a con- 
version of tyrosine and.phenylalanine to dihydroxyphenylalanine. 

Becker (3) found that irradiation of |-proline with ultra-violet light 
resulted in the appearance of a new band at 3130 A.U. The irradiation 
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of l-hydroxyproline caused the appearance of new bands at 2570 A. U. 
and at 3130 A. U. 

3. Changes in Viscosity. Fernau and Pauli (26) and Zhukov and 
Unkovskaya (86) have reported that the viscosity of gelatin solutions 
decreases steadily under the influence of radium radiations. Ponthus 
(55) found that a similar decrease resulted when gelatin solutions were 
exposed to ultra-violet rays. Mond (50) reported the same to be true 
for globulin and albumin solutions exposed to ultra-violet radiation, but 
Young (85) observed that the viscosities of egg and serum albumin solu- 
tions were increased by sunlight and strong arc illumination. Wels (81) 
noticed an increase in the viscosities of globulin solutions and serum fol- 
lowing exposure to Réntgen rays. Arnow’s (1) experiments show that 
the viscosity of egg albumin solutions, exposed to alpha-particles, is 
increased if the protein solution is at or below the iso-electric point of 
egg albumin, but is decreased if the pH of the solution is above that of 
the iso-electric point. 

4. Changes in Coagulation Temperature. The coagulation tempera- 
tures of globulins and fibrinogen are raised by exposure to ultra-violet 
rays, as Mond (50) and Arthus and Boshell (2) have reported. Mond 
found, however, that the coagulation temperatures of albumins were 
lowered by ultra-violet rays, and Fernau (24) obtained a similar result 
with the penetrating rays of radium. Stedman and Mendel (73) 
irradiated twelve purified proteins with ultra-violet rays and found that 
the coagulation temperatures of all the proteins studied were lowered. 
Arnow (1) exposed egg albumin solutions to alpha-particles and reported 
that the temperature of coagulation was lowered when the pH of the 
solution was equal to or greater than that of the iso-electric point, but 
was raised if the pH was lower than iso-electric. 

5. Changesin pH. Young (85) and Mond (51) found that irradiation — 
of albumins with visible or ultra-violet light caused the pH of the solu- 
tions to approach that of the iso-electric point, regardless of the initial 
pH. Clark (13), however, has maintained that irradiation of egg albumin 
with ultra-violet light always causes a decrease in the initial value of the 
pH. In an earlier paper, Mond (50) had found a decrease of pH after 
irradiation of solutions of globulin, fibrinogen, and albumin with ultra- 
violet light. Zhukov and Unkovskaya (86) found that the irradiation 
of gelatin solutions with alpha-particles resulted in a decrease in pH. 
Arnow’s (1) work has shown that the pH of iso-electric solutions of egg © 
albumin and of solutions of pH less than that of the iso-electric point is 
little affected by exposure to alpha-particles. If solutions of pH greater 
than iso-electric were irradiated, the pH was markedly lowered. 
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6. Changes in the Gold Sol Reaction. According to Mond (50), irradia- 
tion of globulin, fibrinogen, and albumin solutions with ultra-violet rays 
does not affect the protective action of globulin and fibrinogen solutions, 
but albumin solutions display increased protective powers. Spiegel- 
Adolf (67) irradiated weak solutions of serum albumin and pseudoglo- 
bulin with ultra-violet light. She offers evidence to show that proteoses 
and peptones are produced which have ten to forty times the protec- 
tive ability of the original protein. When concentrated solutions of the 
proteoses obtained by the irradiation were added to normal spinal fluid, 
the mixture gave a gold sol reaction similar to that obtained in cases of 
general paralysis. This same worker later (68) reported that arginine, 
histidine, lysine, and proline flocculated gold sols after irradiation with 
ultra-violet light, although non-exposed amino acids did not do this. 
Gelatin, exposed to the rays, lost its protective power toward colloidal 
gold and precipitated the latter. 

After adding gold sol to solutions of gelatin and egg albumin, Prideaux 
and Howitt (56) irradiated these solutions with ultra-violet rays. After 
sufficient irradiation, the proteins were flocculated around the gold 
micelles, and the cataphoretic velocities could then be measured in the 
ordinary way, the velocities measured appearing to be due to the pro- 
teins alone. 

7. Changes in Surface Tension. The work of Mond (50), Young (85), 
and Wels (81) indicates that the irradiation of globulins and albumins 
with ultra-violet rays, visible light, and Réntgen rays has the effect of 
lowering the surface tensions of the protein solutions. 

8. Changes in Electrical Conductivity. Ponthus (55) has found that 
exposure of gelatin solutions to ultra-violet rays causes an increase in the 
electrical conductivity of the solutions. Mascherpa (48) has reported 
that the conductivity of egg albumin solutions was increased by alpha- 
particle irradiation. In interpreting these results, however, it is well to 
remember that conductivity water itself undergoes an increase in 
electrical conductivity during exposure to alpha-particle irradiation, as 
the work of Nurnberger (53) has shown. 

9. Changes in the Refraction of Light. Spiegel-Adolf (67) observed an 
increase in the refraction of light after exposure of pseudoglobulin and 
serum albumin solutions to ultra-violet rays. No such increase resulted 
if the proteins were denatured by heat. 

C. CHEMICAL CHANGES. 1. Ozxidation-Reduction Reactions. Oxyhemo- 
globin is converted to methemoglobin by alpha-particle irradiation, 
as shown by the experiments of Henri and Mayer (34) and of Chambers 
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and Russ (9). Fricke and Peterson (29) found that this same reaction 
occurred when oxyhemoglobin was irradiated with Réntgen rays, the 
rate of transformation being proportional to the momentary concen- 
tration of oxyhemoglobin. Bernard, Biancani, and Biancani (5) re- 
ported that carbon monoxide-hemoglobin disappeared during ultra- 
violet irradiation and offered evidence to show that their results could 
be explained by assuming the CO to be oxidized to CO». Lieben (42), 
Palit and Dhar (54), and Becker and Szendié (4) discovered that amino 
acids could be oxidized by exposing them, in the presence of oxygen, to 
ultra-violet rays or to visible light. According to den Hoed, de Jongh, 
and Peek (15), insulin was oxidized by exposure to radium or ultra- 
violet rays, although exposure to Réntgen rays was without effect. 
Woodward’s (84) work has shown that the SH group of glutathione can 
partially be oxidized to the SS form with both ultra-violet rays and with 
radium radiations, Réntgen rays having no such effect. Kinsey (37), 
however, found that Réntgen rays destroy glutathione. Neuberg (52) 
has reported that sunlight, in the presence of sensitizers, is capable of 
reducing amino acids to aldehydes, but later work by Spiegel-Adolf (68) 
does not support this. According to Arnow (1), the irradiation of egg 
albumin and gelatin solutions with alpha-particles resulted in a consider- 
able utilization of oxygen by the protein molecule, the oxygen being 
supplied by the decomposition of water by the radiation. Hydrogen in 
smaller equivalent amounts was also utilized. The utilization of the 
hydrogen involved at least two reactions in the case of egg albumin and 
at least three reactions in the case of gelatin. 

2. Formation of Ammonia. Effront (19) found that ammonia was 
produced when sterile peptone solutions were exposed to sunlight. 
Lieben and Urban (46) and Eckstein and Lieben (18) reported that 
ammonia appeared when amino acids or proteins were exposed to ultra- 
violet rays. Only the alpha-amino group was concerned. Stenstrém 
and Lohmann (74, 75, 76) detected the presence of ammonia in tyrosine 
and tryptophan solutions after irradiation with Réntgen rays, no am- 
monia resulting, however, from the irradiation of cystine for long 
periods of time. Loiseleur (47) has shown that the alpha-particle 
irradiation of amino acids results in ammonia formation. 

3. Removal of Halogen Groups. Lieben and Ehrlich (43) reported that 
artificially halogenated casein, thyroxin, diiodotyrosine, and Merck’s 
thyroidin all gave off iodide or bromide ions when treated with ultra- 
violet radiation. 


4. Destruction of the Benzene Ring. Stenstrém and Lohmann (74, 
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75, 76) offered evidence to show that a destruction of the benzene rings 
of tyrosine and tryptophan occurred during Réntgen ray irradiation. 
Arnow (1) interpreted some of the changes in the absorption of ultra- 
violet light following exposure of egg albumin solutions to alpha-particles 
as indicating a splitting of the benzene ring. 

5. Miscellaneous Chemical Reactions. Effront (19) demonstrated 
that hydrogen peroxide, nitrates, ammonia, and volatile acids were 
present in solutions of peptone which he had exposed to sunlight. 
Straub and Galwitzer-Meier (78), investigating carbon dioxide tension 
as a function of the carbon dioxide combining power of hemoglobin solu- 
tions, found certain irregularities which disappeared after alpha-particle 
irradiation. Holtz (35) reported that solutions of euglobulin or blood 
serum irradiated with ultra-violet light contained nitrous acid, acetic 
acid, and imidazole derivatives. Loiseleur (47) noticed that alpha- 
particles caused a liberation of urea from arginine, and a small amount 
of hydrogen sulphide was split from cystine by the radiation. Spiegel- 
Adolf (67, 68) produced proteoses and peptones by exposing weak solu- 
tions of blood proteins to ultra-violet rays. Lieben and Jesserer (44) 
irradiated Witte peptone with ultra-violet radiation and showed that the 
resulting insoluble product did not give the biuret reaction. Trypto- 
phan disappeared and the amount of histidine was greatly diminished. 
Tyrosine was only slightly destroyed. 

D. PHYSIOLOGICAL APPLICATIONS. 1. The Production of Erythema. 
Ellinger (20, 21, 22) found that irradiating solutions of histidine with 
ultra-violet light resulted in the formation of a substance which was 
capable of causing a fall in blood pressure. He believed this substance 
to be histimine, but Szendié (79) has since given evidence to show that it 
is imidazoleacetaldehyde. FEllinger believes that this substance is 
formed during the production of an erythema by light and that this 
causes the first reddening. 

According to Holtz (35), the exposure of serum, euglobulin, glycine; 
leucine, and tyrosine, as well as histidine, to the action of ultra-violet 
light results in the formation of substances which will cause dilatation 
of the blood vessels of the frog. 

2. Coagulation of the Lens Protein. Burge (8) found that ultra-violet 
light did not coagulate the proteins of aqueous humor, the vitreous 
body, or of the lens. If, however, calcium chloride, magnesium chloride, 
sodium silicate, or glucose were added to the medium in which the lens 
was irradiated, opacity resulted. Since some cataracts have increased 
amounts of calcium, magnesium, and silicate, Burge assumed that these 
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types of cataract were most probably caused by radiant energy. He 
believed the lenticular opacity which often accompanies diabetes 
mellitus to be the result of the action of radiation on a lens which con- 
tained an abnormal amount of glucose. Schanz (60) thought that 
acetone, acting as a sensitizer, might be responsible for the lenticular 
opacity of diabetes. However, Lieben and Kronfeld (45) were unable 
to demonstrate a loss of tryptophan from the protein of the lens after 
exposure to sunlight, and came to the conclusion that the ultra-violet 
light probably was filtered out by the outer layers of the lens. Lieben 
(41, 42) had previously shown that tryptophan and tyrosine were 
destroyed when proteins in pure solution were irradiated. 

3. Biological Oxidations and Reductions. Wels and his associates 
(40, 82, 83) have shown that the irradiation of egg albumin, in an oxygen 
free atmosphere, with ultra-violet radiation results in the production of 
a substance which contains free SH groups and which is reversibly 
oxidizable. This substance apparently is attached to the protein 
molecule. In an oxygen stream the ability of the irradiated protein to 
bleach methylene blue is lost, but this ability is regained by allowing the 
oxygenated product to remain in contact with washed frog muscle, or 
dry powdered muscle, for a few hours. As already mentioned, Wood- 
ward (84) found that ultra-violet light and radium rays can oxidize SH 
groups tothe SSform. Wels believes it probable that the irradiation of 
skin results in the formation of a substance possessing the SH group and 
playing a role in tissue oxidations and reductions. 

4. Miscellaneous Physiological Effects. As might be expected, both 
Ellinger and Holtz (see above) have noticed that the substances pro- 
duced in their experiments will stimulate the intestine. 

Holtz (86) has found that irradiated serum also markedly affects the 
elimination of sugar by the liver of guinea pigs, cats, and dogs. Inthe 
majority of his experiments, the elimination was reduced. 
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